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The conduction of food and water in plants has been an 
object of investigation since the beginning of biological re­
search. Early work, conducted mainly by persons trained in 
medicine, consisted of a search for a mechanism for the con­
duction of plant sap, analogous to blood circulation in higher 
animals. This work had a profound effect on early investiga­
tions in the area. With the discovery of the xylem and its 
recognition as the water conducting tissue, efforts were in­
creased to provide a suitable explanation for the mechanism by 
which water is moved up the stem. A mechanism was proposed 
which depends upon transpirational pull, a theory which is now 
generally accepted by plant physiologists. Such a mechanism 
would also explain the movement of compounds dissolved in the 
xylem sap. However, this mechanism can not explain movement 
of photosynthates downward from the leaves to the roots. 
Early ringing experiments indicated that the downward 
movement of materials elaborated by the leaves was in the bark, 
while the complete removal of the bark was found to have no ef­
fect on water conduction. Theodor Hartig (48) discovered the 
sieve elements in the secondary phloem of woody species and 
concluded that these specialized cells were the food conduct­
ing elements. Since this discovery considerable effort has 
gone into postulating a mechanism to explain phloem movement 
2 
and a voluminous literature has accumulated. Many mechanisms 
have been proposed but none, to date, will completely explain 
all the published observations, hence, none are completely 
tenable. 
The study of translocation is important to the plant 
physiologist because an understanding of this basic phenomenon 
would clarify many other processes such as growth correlation, 
differentiation, and growth. In addition to its basic impor­
tance the problem has received renewed interest in the last 
few years because of the widespread use of translocated herbi­
cides, systemic insecticides, and foliar application of nutri­
ents. A better understanding of this process and the factors 
controlling it may provide some answers to the problems of the 
applied agriculturalist. 
Many investigators other than plant physiologists have 
made valuable contributions to the study of translocation. 
Many anatomists have studied the structure and properties of 
the phloem and cytologists are becoming increasingly active in 
the study of the fine structure of the phloem. In addition to 
the aid from other disciplines, many techniques are becoming 
available to the plant physiologist which greatly aid in the 
study of translocation. One of the most valuable of these has 
been the increasing availability of isotopic tracers, both 
stable and radioactive. Kew techniques in separation of stable 
isotopes have made them available at moderate cost and improved 
3 
techniques, and better mass spectrometers have made their 
measurement greatly simplified. A great variety of artifi­
cially produced radioactive isotopes has become available at 
moderate cost since the advent of atomic reactors. Using 
tracers the movement of the added material may be followed 
with compounds having the exact chemical properties of those 
naturally occurring, but these compounds may be readily dis­
tinguished from those already present. 
This study was set up to use isotopic tracers to study 
translocation in plants in an effort to gain additional in­
sight into the factors controlling the movement, the mechanism 
involved, and some idea of the chemical form of the compounds 
being moved. It would be pretentious to suggest that conclu­
sive proof will be offered for a mechanism or for all the 
factors controlling such movement. No attempt will be made 
to explain the identity of the compounds which may be moving. 
It is hoped, however, that this study will provide additional 
information, which, when fitted into the picture formed by 
past as well as future work, will aid in a complete under­
standing of this important process. 
4 
REVIEW OP LITERATURE 
Historical 
Marcello Malphigi of Italy and Uehemiah Grew of England 
were two of the earliest workers to investigate the movement 
of sap in plants (41). They both visualized the movement of 
raw sap upward through elongated structure into the upper part 
of the plant where it was reconstructed and refined, then 
moved downward. 
Malphigi carried out the first recorded ringing experi­
ments. He removed the bark from a strip encircling a tree, 
then observed the swelling above the ring and concluded that 
it was new growth stimulated by an accumulation of food coming 
down from the leaves and intercepted by the ring. After the 
discovery of the assimilation of OOg in the leaves by De 
Saussure the correctness of this observation was accepted, for 
it became apparent that the food necessary for the formation 
of new tissues and organs originated in the leaves and was 
moved through the plant to the point of utilization. 
In 1837 Theodcr Hartig (48) discovered the sieve element 
and concluded that these cells were involved in longitudinal 
transport of organic materials and not the phloem fibers which 
had been believed to be involved. In 1868 Hartig (49) dis­
covered that if the bark is cut through to the active phloem 
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the sieve tubes will exude a substance containing small 
amounts of ash and nitrogenous substances and up to 33 per 
cent of sugar. 
Hartig1s work on exudation was not in agreement with the 
diffusion theory of translocation of Julius von Sachs, a bril­
liant plant physiologist who dominated the field at that time, 
and so it was largely unnoticed for almost 70 years. De Yries 
(36), a student of Sachs, pointed out that movement by dif­
fusion was 10,000 times too slow to account for the calculated 
rate of transport of assimilates. He felt that cytoplasmic 
streaming provided the energy for movement of assimilates. 
Curtis conducted a great many experiments on transloca­
tion which have been summarized in a book (34). He felt that 
the cytoplasmic streaming hypothesis of De Vries was the prob­
able mechanism by which solutes move in plants. 
Munch, a forest-tree physiologist who occupied the Hartig 
chair at Munich, re-discovered the work on phloem exudate done 
by Hartig and extended his observations to form a basis for 
his pressure flow theory of translocation, which was published 
in book form (89). According to this theory the transport 
through sieve-tubes should proceed as a current of solution in 
the direction from higher to lower turgor pressure. The 
energy required should be produced in the assimilating leaf 
cells by maintaining a turgor-pressure gradient. Like the 
xylem vessels in water transport, the sieve tubes should have 
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only a passive role in solute transport. The flow of solvent 
would carry the dissolved assimilates passively in this stream 
along a total solute gradient. Crafts (31, 32) and more re­
cently Zimmermann (123, 124) have been the major supporters of 
this theory in recent years. 
Mason, Maskell and Phillis worked in Trinidad for a num­
ber of years on the translocation of solutes in the cotton 
plant. Their work led them to the conclusion that transloca­
tion in the phloem is analogous to diffusion, on concentration 
gradient, but the observed rate of transport in the sieve 
tubes of their plants was on the order of 40,000 times faster 
than could be accounted for on the basis of the known diffu­
sion constant of sucrose in water. Mason and Maskell (83) 
state "the sugars appear to move in the sieve tube under unit 
gradient at about the same rate as they would diffuse in air 
if they existed in the gaseous state". In order to accomplish 
this they postulated an "activated-diffusion" (85, 86, 87). 
Van den Honert (109) has postulated that the transport of 
solutes in the phloem may be due to rapid distribution between 
interfaces, a phenomenon he demonstrated when potassium oleate 
was spread over the interface between ether and water at a 
rate 68,000 times faster than was calculated for simple dif­
fusion. This rate is of the same order of magnitude as has 
been measured for carbohydrate transport. The spreading was 
due to the lowering interfacial tension, but the rate of 
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transport was a function of the concentration gradient. Van 
den Honert suggests that the interface between protoplasm and 
the vacuole of the sieve tube may be the site of movement. 
Other theories of phloem transport have been recently 
proposed. Fenson (44) and Spanner (98) have hypothesized 
movement on bio-electric potentials, but these have not been 
widely accepted. Thaine (104) has reported the movement of 
particles in living, mature sieve tubes of Primula. These 
particles were reported to pass along the lumina of sieve tube 
elements and through sieve plates. Transcellular movement has 
been reported through as many as ten sieve tube elements with 
a total length of 1.0 mm. Thaine suggests that these parti­
cles are part of a circulation system, but his observations 
have not yet been confirmed. 
Evidence for the Compounds Moved and the Tissues 
Involved Using Conventional Techniques 
Mason and Maskell (82) studied the transport of carbo­
hydrates in the cotton plant. They reported that diurnal 
variations of sugar in the leaf were more highly correlated 
with variations in concentration in the bark than in the wood. 
These variations were shown to lag significantly behind those 
in the leaf. The largest diurnal variations were in sucrose, 
the compound they felt was the main compound translocated in 
cotton. They felt that the normal movement of carbohydrates, 
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both up and down, occurs in the bark. The same conclusion was 
reached by Engard (38) in his studies on translocation in 
raspberry. 
Leonard (71) studied the translocation of carbohydrates 
in the sugar beet. He found a strong polarity in movement of 
sugars from the leaf blade mesophyll into the phloem. The 
blades often had no detectable sugar, while petioles had a 
considerable percentage. Leonard suggested that energy is 
used to move sugars from regions of low sugar content in the 
blades to a region of high concentration in the petioles. 
Loomis (75) found that sucrose was the main translocatory 
sugar in maize, as shown by the rapid initial losses of plants 
held in the dark. He found that sucrose disappeared from 
leaves containing 0.3 per cent and moved through tissue con­
taining 7 to 8 per cent of the same sugar in at least partial 
equilibrium with the phloem. He proposed a secretory trans­
location between the leaf mesophyll and the phloem. Polarized 
translocation was observed toward the developing ear. This 
polarization was established in the early phases of embryo 
development, but failed to develop in the absence of pollina­
tion. 
Clements (28) rejected the pressure flow mechanism after 
measurements of increase of fruit weight and calculation of 
the rate of flow of water and solutes into the fruit of the 
sausage tree. He states that there could not be the recycling 
9 
of water in amounts sufficient to move enough solutes into 
the fruit, using this mechanism. 
The margin of a leaf of Pelargonium was cut and dipped 
into a dilute solution of eosin by Schumacher (96) who ob­
served the sieve pores of the petiole and stem and found them 
to be rapidly closed by callus, while protoplasmic streaming 
in the phloem parenchyma remained unaffected. Under these 
conditions the export of nitrogen and carbohydrates was 
checked. He concluded from this that the sieve tube is the 
actual channel of transport for both nitrogen and carbohydrate. 
Mason, Maskell, and Phi Hi s (86) used defoliated stems 
of cotton, which had been ringed and maintained in a saturated 
atmosphere to reduce transpiration, to study nitrogen movement. 
They found that the nitrogen content of the stems and roots of 
both ringed and control plants increased at approximately the 
same rate. When the xylem, rather than a ring of bark, was 
removed little if any nitrogen ascended the stem. 
loomis (73, 74) found that nitrogen salts appear to be 
synthesized to organic compounds in the normal roots of apples 
which are well supplied with carbohydrates and, as a result, 
he felt that ringing stops the upward movement of organic 
nitrogen. Curtis (34) found a decrease in the movement of 
nitrogen as well as other minerals into the branches he ringed. 
Engard (39) on the other hand, found no nitrogen accumulation 
either above or below his rings on raspberry. He states that 
10 
the nitrogen was moving upward past the ring as nitrate. 
Clements and Engard had previously reported (29) that ringing 
did not affect the upward movement of nitrogen or ash. 
The reason for the discrepancies discussed here may have 
to do with the source and form of the nitrogen and minerals. 
Mason and Maskell, Engard, and Clements and Engard were all 
using plants which were small and which had been ringed near 
the soil. Loomis and Curtis, however, were using trees and, 
commonly, ringing branches. Loomis (73) states that "large 
quantities of protein nitrogen were found to be stored in the 
bark and wood of trees, whence it was digested and used in 
early spring growth". This organic nitrogen would be expected 
to move in the phloem. The workers using small plants girdled 
near the base, however, were probably dealing with inorganic 
materials absorbed by the roots and moving upward in the 
transpiration stream. This may well be the basis for the 
reconciliation of their differences, as pointed out by Bid-
dulph (7). 
Mason and Maskell (84-) found that phosphorus and potas­
sium accumulated above a ring, just as did carbohydrates and 
nitrogen. They concluded that nitrogen, phosphorus, potassium, 
and other ash constituents ascended the stem of their plants 
via the wood, were re-exported from the foliage and moved 
downward toward the roots or upward to the fruit via the 
phloem. Calcium ascended via the wood, but was not re-exported. 
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They also atate that the accumulation of calcium in ovules of 
cotton was in proportion to the calcium content of the tracheal 
sap, but for nitrogen, carbohydrates, phosphorus, and total 
ash the accumulation was vastly in excess of the delivery by 
tracheal sap. The excess was considered to be delivered by 
the phloem. Burstrom (24) also has reported that the movement 
of phosphorus into the buds of Oarplnus and Fagus was in ex­
cess of the quantity which the xylem sap was capable of de­
livering at its calculated concentration. 
Bonner (21) has reported the accumulation of thiamin, 
pyridoxine, pantothenic acid, riboflavin, sucrose, total 
nitrogen and non-protein nitrogen above a girdle in tomato 
plants. 
The Trinidad group recognized the movement of nitrogen 
in both the xylem and the phloem. Mason and Phillis (87) 
state "the redistribution of organic nitrogen from the leaves 
occurs via the phloem. The general pattern for diurnal changes 
in nitrogen content in the stem as affected by a phloem block 
was found to be similar to that for carbohydrates under the 
same conditions." Mason and Maskell used nitrogen as an in­
dicator while studying the effect of oxygen supply on phloem 
transport. They reported that covering a stem with plasticine 
diminished the amount of material transported. 
Hay, Earley, and De Turk (51) studied the translocation 
of nitrogen compounds during grain development in corn plants, 
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using conventional chemical analyses. They concluded that the 
above ground parts of the corn plant contributed about 60 per 
cent of the total nitrogen in the mature grain, and the re­
maining 40 per cent was contributed directly by the roots and 
soil. Kato and Yanagisawa (61) have recently reported that 
soybean leaves in which the petiole was girdled showed gains 
in total nitrogen as compared to control leaves. 
Bollard (15, 16, 17, 18, 19) has reported extensively on 
analyses of the tracheal sap of apple and other plants, mostly 
woody, and has found low to moderate concentrations of a dozen 
or more amino acids. He has concluded that nitrogen is moved 
upward in organic compounds and in the transpiration stream. 
Thomas (105) and Loomis (7^) have found synthesis of inorganic 
nitrogen to organic compounds in the roots of apple and other 
woody plants. Loomis found that phloem rings sharply reduced 
upward movement of nitrogen. Although Bollard has reported 
on translocation, he has measured only the presence, not the 
movement of his compounds. The conditions of his sampling 
are such as to suggest that he was measuring the leakage of 
organic compounds into the xylem that normally accompanies 
active water absorption and root pressure. 
Barnes (2) studied the concentration of amino acids in 
the xylem sap of loblolly pine. He observed peaks in December 
and April, with glutamine the dominant amino compound present. 
He pointed out that such analyses are not suitable for meas­
13 
urement of translocation rates. 
32 Use of P as a Tracer in Translocation Studies 
3 o 
One of the first groups to use P as a tracer in trans­
location studies was Gustafson and Darken (47). In 1937 they 
32 fed P , which was produced in the University of Michigan 
cyclotron, to the roots of cutings of willow, geranium, sedum, 
and bryophyllum which were growing in large test tubes. The 
plants were fed for times varying from 7 to 72 hours. At the 
end of the feeding period the plants were harvested and the 
radioactivity of the dissected wood or bark samples determined 
with a Lauritsen electroscope. In some experiments they 
loosened a strip of bark 5 to 10 cm long from the xylem of a 
geranium plant, leaving both ends of the bark attached to the 
wood. The two tissues were separated with waxed paper. They 
found less radioactive phosphorus in the detached bark than in 
the bark which remained in contact with the wood. They felt 
there was either an active diffusion from the xylem into the 
bark, or that the phloem was injured in separating the bark 
and wood. In other experiments the xylem was removed from 
sedum and willow and the activity above the removed xylem com­
pared to that below. Their general conclusion was that both 
xylem and phloem functioned in upward movement of mineral 
salts. 
Stout and Hoagland (99) reinvestigated the matter of 
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upward movement of mineral salts in 1939. In addition to 
P-*2, they used the radioactive isotopes of potassium, sodium 
and bromine and traced their upward movement through actively 
growing and transpiring willow and geranium plants after ab­
sorption of the isotopes by the roots. They separated the 
bark from the wood by inserting a piece of paraffined paper, 
then determined the radioactivity of the separated wood and 
bark by use of a more sensitive Geiger-Mueller tube with a 
•30 
scaler. In the isolated strip of bark the P moved very 
slowly and could not be detected in the center of the strip 
when large amounts were in the wood. "Where the wood and bark 
were in contact, radioactive elements were rapidly transferred 
laterally from wood to bark. There was no essential differ­
ence in the distribution of any of the isotopes used. From 
these studies they concluded that normal upward movement of 
mineral salts occurs through the xylem in the transpiration 
stream. According to the hypothesis of Loomis (73) transloca­
tion in the xylem is evidence that nitrogen was in an inor­
ganic form, and had not been synthesized to organic compounds 
in the roots. 
32 Biddulph (5) also used P to study upward movement in 
beans. He concluded from the distribution of P-^2 that upward 
movement in his material was in the transpiration stream. 
In 1941 Biddulph (6) reported on work in which radioac­
tive phosphates were introduced into the leaf of beans using 
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a "leaf-flap" Injection method. Plants harvested 4 hours 
after injection had detectable P in all parts of the plant. 
This experiment was designed with 6 groups of plants which 
grew for 4 hours, spaced so as to have plants growing over the 
entire 24 hour period so that migration tendencies could be 
studied. Export was found to be related to light intensity so 
32 that maximum P translocation occurred with maximum carbohy­
drate translocation. This has been reported by several other 
investigators (30, 62). Biddulph also found evidence for a 
redistribution, thought to be due to leakage from the phloem 
into the xylem similar to that reported by Mason and Maskell 
(84), which he termed "circulation". 
Biddulph and Markle (11) studied the translocation of P^2 
applied to the leaves of cotton and found that the activity 
was concentrated mainly in the bark when the bark and wood 
were separated below the treated leaf with waxed paper. This 
was considered to be due to phloem transport. This work, as 
well as later work from this very active group, has been re­
viewed by Biddulph (7). 
Colwell (30) used Hubbard squash to study movement from 
leaves which had been vacuum infiltrated with P-^2. He found 
the movement to be correlated with food movement and his auto-
radiograms were interpreted to show movement primarily in the 
phloem. The isotope did not move downward past a killed sec­
tion, but above the section he found considerable activity in 
16 
the xylem as well as in the phloem, indicating radial transfer. 
Chen (27) used geranium and willow cuttings in which the 
wood and bark were separated with waxed paper. When P^2 was 
supplied to the roots as the phosphate ion there was more P^2 
in wood than in bark. When KHgP^O^ and C^Og were provided 
to leaves separated by a stripped area the activity was into 
or beyond the stripped bark in 12-17 hours. He concluded that 
this was conclusive evidence for simultaneous movement of P^2 
and C-*-4 in opposite directions in the phloem tissue. 
Biddulph and Cory (10) used somewhat the same technique 
to study bidirectional movement in the bean plant. They ap­
plied to the lowermost trifoliate leaf and P^2 to the 
next higher leaf. The bark in the internode was then removed, 
quickly frozen, and dried in vacuo. Autoradiograms were pre­
pared showing distribution of both tracers and of P-^2 alone 
"3P 
using filters. Then after decay of the P an autoradiogram 
14 
was prepared of the C activity alone. They concluded that 
there were two distinctly different patterns of bidirectional 
movement in this plant. In the first, bidirectional movement 
occurred in separate phloem bundles. In the second pattern 
the two tracers were thought to move in opposite directions 
through the same phloem bundles. 
Swanson and Whitney (103) studied the translocation of 
foliar applied P^2 and other isotopes. Low pH was found to 
give considerably greater activity, presumably because the 
17 
more acid solution was more easily absorbed. The same obser­
vation has been made by other workers (3, 92). Swanson and 
Whitney investigated the effect of localized, low petiole and 
stem temperatures on translocation of They found marked 
inhibition of translocation by low temperatures, amounting to 
85 per cent or more at a petiole temperature of about 5°C. 
Localized low temperatures on the stem also markedly retarded 
32 translocation of foliar-applied P to portions of the plant 
below the temperature zone, but there was no effect on upward 
movement of P 2^ applied to the roots. Experiments involving 
simultaneous application of P 2^ + K4^  and P 2^ + Cs"*"^^ indicated 
independent and different rates of movement in the phloem. 
Kazaryan et al. (62) reported that P 2^ absorbed by either 
roots or leaves moved up through rings in laurel and maple. 
If a ring was made both above and below the treated leaf, 
there was no movement to the top. They interpreted this phe-
32 
nomenon as indicating that the P moves to the roots where it 
is secreted into the xylem and there moves upward in the 
transpiration stream. 
Kendall (64) investigated the effect of certain metabolic 
32 inhibitors on translocation of P in the bean plant. The 
inhibitor to be studied was injected into the hollow petiole 
of the treated leaf and the amount of translocation compared 
to a plant injected in the hollow petiole with water. Both 
dinitrophenol and sodium fluoride were found to reduce sub-
18 
stantlally the amount of translocation. At dinitropheno1 
concentrations of 5 x 10"^ molar this reduction amounted to 75 
per cent. Dye injected into the hollow petiole was found to 
move rapidly into the treated leaf, so it is not known if the 
effect noted was on the actual translocation process or on 
some process occurring in the treated leaf blade. He attempted 
to minimize this effect by injecting the petiole one hour after 
applying the labeled phosphate. Kendall found no effect on 
translocation of P when the petioles were injected with 
sodium fluoroacetate, indoleacetic acid, 2,4-dichlorophenoxy-
acetic acid or tri-iodobenzoic acid. 
Biddulph and Cory (9) applied P^, C 4^, and tritiated 
water simultaneously to the surface of a bean plant and stud­
ied their movement after 15, 20, and 30 minutes. The isotopes 
were individually assayed for in sections of the lower stem 
and from this a velocity of 87 cm per hour was found for P 
14 
and THO, whereas C had a velocity of 107 cm per hour. The 
C moved largely as sucrose and the P as phosphate or 
fructose-1,6-diphosphate. There was a logarithmic distribu­
te 14 
tion down the stem from the treated leaf for both P and C , 
but THO departed from this pattern. This logarithmic rela­
tionship between concentration and distance was explained by 
the authors as due to diffusion of tracer from the sieve tube. 
This loss has been treated mathematically by Horwitz (55) who 
derived equations for models which should fit short-term 
19 
results for a given mechanism. 
Barrier and Loomis (3) investigated the movement of P-^2 
in soybean and sugar beet leaves. Autoradiograms of isolated, 
treated sugar beet leaf blades showed greater activity in the 
veins. This was interpreted as "loading", and considered to 
be a preliminary step in translocation. Klechkobsky and 
"Zp 
Evdokimova (66) have reported that with P autoradiograms 
there appeared to be more isotope located in the leaf veins 
than in the interveinal tissue, but on analysis they found 
about 3 times the activity in the interveinal tissue on a 
weight basis. Barrier and Loomis (3) also reported, as had 
Koontz and Biddulph (69), that the effect of wetting agents on 
P-^2 absorption was variable and inconclusive. More recent 
work (37) by Dybing and Currier has shown that P^2 was ab­
sorbed by leaves with closed stomata, but uptake by those with 
open stomates from surfactant-containing solution was markedly 
greater. They concluded from this that stomatal penetration 
is an important surfactant function. 
Koontz and Biddulph (69) investigated a number of factors 
affecting the absorption and translocation of foliar applied 
phosphorus. They found that with young, vigorously growing 
bean plants, P^2 applied to the oldest trifoliate leaf dis­
tributed well over the plant. With the youngest leaf there 
was no outward movement, and the others were intermediate. 
They also reported that plants grown in a phosphorus free 
20 
nutrient solution translocated only one-fifth as much P^2 %&en 
applied as NaE^O^. Thorne (106), however, states that in­
creasing the phosphorus supply to the roots of swedes (Bras-
si ca napus) affected neither the initial rate nor the total 
"3P 
amount of uptake by the leaves, but decreased the quantity 
xp 
of Pv that was translocated out of the treated leaf. 
Linek and Swanson (72) studied several factors affecting 
the distribution of P-^2 from the leaves of peas and found 
%P 
relatively specific distribution patterns. P applied to the 
leaf at the first bloom node was found to move predominantly 
(from 30 to 90 per cent) to the pod at that node. Distribu­
tion from this leaf to pods at higher nodes was found to be 
negligible. Translocation from lower leaves was found to be 
predominantly downward, with little or no accumulation in the 
pods. Essentially no activity was found to move into either 
the flower or the vegetative portions of the flower before 
an thesis and fertilization. However, 4 to 6 days past an the­
sis, the young, developing embryos appeared to exert a "con-
32 trol" over the movement of P from the adjacent leaf. 
When a pod was cooled to J°C the movement of P^2 to this 
pod was found to be greatly diminished. If there was only one 
pod on the plant the total movement out of the leaf was de­
creased. If there was a second pod on the plant which was 
uncooled, then the P^2 moved in substantially increased 
amounts to the uncooled pod, even though this was not the 
21 
normal direction of movement. 
1A 
Webb and Hodgson (116) used ~2J as well as C to study 
the effect of irradiating portions of a bean on subsequent 
translocation. When the petioles were given massive doses of 
ionizing radiation no effect could be discerned on transloca-
*5? tion. However, when P was applied to a primary leaf 48 
hours after irradiating the apical region with 10 or 100 kilo-
90 
roentgens of Sr beta radiation, a 97 and 98 per cent reduc­
tion was found in movement into the tips. The movement into 
the tip could be restored by application of naphthaleneacetic 
acid to the tip. This was true for both P 2^ and labeled 
photosynthate. 
Biddulph ejb al. (8) studied circulation patterns for 
phosphorus, sulfur, and calcium, using the radioactive iso­
topes and studying the distribution in autoradiograms. The 
isotopes were absorbed through the roots, then the bean plants 
were placed in regular nutrient solutions for varying times to 
study the redistribution. The distribution patterns were in-
32 terpreted as showing that P is continuously redistributed, 
suggesting rapid turnover of P 2^ or little tie-up and high 
mobility. was believed to be rapidly captured in some 
metabolic process and was not well redistributed. There was 
some accumulation in lower leaves during the first few hours, 
but this was shown to move to growing points in approximately 
45 12 hours. Ca moved into primary leaves and remained, sug­
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gesting nonmotility in the phloem. It was not recirculated. 
The authors state that Ca^ can be used for a comparison of 
the movement of the other isotopes. 
Susann P. Biddulph (12) used microautoradiograms of sec­
tions of the stem of beans whose leaves had been treated with 
and S35 to show that downward translocation occurs in the 
phloem. In sections with high concentrations in the phloem, 
some lateral movement to the xylem was interpreted from the 
autoradiograms. In later studies (13) the same technique was 
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used to show upward movement of foliar applied P and 0 in 
the phloem of bean stems. 
Einne and Langston (94) studied the lateral movement of 
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P applied to the roots of peppermint plants. By splitting 
the roots (either 1/2 or 1/4 of the roots) and placing only 
the split portion in thé radioactive solution they were able 
to detect the activity in 1 row of leaves and 1/2 of the other 
leaves when 1/2 of the roots were fed or 1/2 of two rows of 
leaves when 1/4 of the roots were fed. Prom this they con-
"5P 
eluded there was little or no lateral movement of P as it 
ascended the stem. It is not surprising that leaves in one 
orthostichy constitute a more closely knit nutritional unit 
than the leaves of a whole shoot. However, this normal pat­
tern may be distorted, as was shown by Linck and Swanson (72). 
By removal or selective cooling of pods, the activity which 
would normally move from a treated leaf into a pod on the same 
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orthostichy will move into a pod on a different orthostichy, 
when the tracer is applied to a leaf. 
Wright and Barton (120) have reported that the rate of 
transport of P-^2 to the tops of sunflower plants is dependent 
on the rate of transpiration. This observation indicates that 
3? they were observing the movement of inorganic P applied to 
the roots. 
Wilson and McKell (119) have recently investigated the 
effect of soil moisture stress on the absorption and translo-
cation of P applied to the leaves of sunflower. They re­
ported that after 24 hours plants at 0.3 atmosphere water 
tension had absorbed 80 per cent of the applied HaHgP^O^. as 
compared with 33 per cent absorbed at 5 atmospheres and only 
15 per cent at 16 atmospheres. They also reported that mois­
ture stress resulted in less effective translocation of the 
absorbed P . In plants at 0.3 atmospheres they reported 16 
per cent of the absorbed P-^ was translocated from the leaf in 
24 hours as compared to less than 7 per cent in plants at 5 
and 16 atmospheres. They did not consider whether decreased 
growth could account for the differences observed, but did 
state that moisture stress altered the relative distribution 
of the translocated phosphorus within the plant. In plants 
with adequate moisture they found a higher concentration of 
P-^2 in the growing regions. 
Tolbert and Wiebe (107) studied the chemical identity of 
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the phosphorus and sulphur compounds in plant xylem sap when 
the plants were grown in solutions containing P^2 or S-^. By 
the use of paper chromatography they identified three P^2 
labeled compounds, inorganic phosphate and two unknown. As 
much as 20 per cent of the total radioactive phosphorus was 
observed in the unknown compounds from the exudate of decapi­
tated tomato stems. These unknowns could not be detected in 
exudate from squash peduncle, but one was present in barley 
exudate. Maizel, Benson and Tolbert (81) identified P la­
beled phosphoryl choline as an important constituent of xylem 
exudate in barley seedlings placed in labeled phosphate. This 
compound, which comprised 15 to 20 per cent of the total phos­
phate, had the same Rf as the more abundant of the two unknown 
compounds reported by Tolbert and Wiebe. It was suggested 
that this compound may be a carrier capable of penetrating 
plant membranes. 
Jackson and Hagen (57) have reported five major compounds 
which incorporate 80 to 95 per cent of the total phosphate 
absorbed, by barley roots in periods from 15 seconds to 2 hours. 
Three compounds were inorganic phosphate, glucose 1-phosphate 
and uridine diphosphate glucose. There was no attempt made to 
determine if any of these compounds were translocated. 
Biddulph and Cory (9) reported that P^2 was moved largely 
as phosphate or fructose-l,6-diphosphate in the phloem of bean 
plants treated on the leaf with P^2. 
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Use of C as a Tracer in Translocation 
The radioactive isotope of carbon with an atomic weight 
of 14 has been extensively used in translocation studies. The 
isotope has been incorporated into a great many compounds such 
as herbicides, systemic insecticides, hormones, etc., and the 
movement through plants traced by measuring the radioactivity. 
Ho attempt will be made to survey the vast literature which 
has accumulated on this phase of translocation. Many studies 
have also been made of the movement of C"^ labeled sugars, 
14 
amino acids, etc., either by supplying the leaf with G Og, 
then measuring the movement of labeled compounds, with or 
without identifying the compounds moved, or by application of 
a known, labeled compound to the plant and measuring its move­
ment after it has been absorbed by the plant. Only a very 
small percentage of the published papers will be discussed. 
Vernon and Aronoff (110) fed soybean leaves with C^Og, 
then identified the labeled compounds both in the treated leaf 
and in the products which moved out of the leaf. Analysis of 
tip and stem sections a short time after feeding revealed 
activity only in sucrose, glucose and fructose. In all analy­
ses sucrose was the compound most highly labeled. A logarith­
mic distribution was found from the treated leaf down the stem. 
From activity curves using this log distribution for a 5 and a 
20 minute translocation, a rate of 1.4 cm/minute was calcu­
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lated. When 2,4-D was applied before feeding the C-^Og there 
was no difference in rate, but the amount of material trans­
located was decreased. This is not surprising since it is 
known that 2,4-D disrupts transport (50). Vernon and Aronoff 
also investigated the effect of cold stem temperatures on 
translocation of photosynthates. By pouring ice water around 
the stem in a specially constructed holder they were able to 
show that localized low stem temperature diminished the rate 
of translocation. 
Aronoff (1) studied translocation of photosynthates in 
soybeans using a technique in which only a portion of a leaf 
is fed. Prom these studies he concluded that the flow of 
photosynthate was greatest to growing regions, that flow did 
not occur out of excised leaves, and that upward flow to a 
younger trifoliate will occur, although diminished, even if 
the stem below the treated leaf is steamed. He could not in­
duce movement by establishing sugar gradients by prolonged 
darkening. 
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Belikov (4) reported a strong polarization of C labeled 
products of photosynthesis in soybeans to the developing fruit 
on the same node as the fed leaves. During seed formation he 
could detect no translocation to either young leaves or stem 
tips. During flowering and pre-flowering stages moved to 
the roots, young leaves and stem tips. The local utilization 
of the products of photosynthesis, he states, explains the 
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abscission of pods on defoliated nodes. 
Skok (97) investigated the effect of removal of growing 
tips on the translocation into the top of labeled sugar 
applied to intact lower leaves of sunflower. Removal of the 
growing tip was found to reduce movement into the tops by 57 
per cent. There was a slight increase in movement into the 
roots of the plants with excised tips, but this increase was 
not significant. 
Swanson and El-Shishiny (102) concluded from their work 
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on the translocation of C labeled photosynthates, that su­
crose was the only form of sugar rapidly translocated in the 
grape cane. Considerable quantities of labeled glucose and 
fructose were found in the stem, but these were concluded to 
be hydrolytic products of the translocated sucrose, as indi­
cated by an approximately one to one ratio of the labeled 
hexose sugars. Unlabeled glucose and fructose did not show 
a one to one ratio. They found also, that the ratio of C^-
3_4 hexose to C -sucrose decreased with distance from the leaf 
fed with Cl402. 
Burley (23) has extended the observations of Swanson and 
El-Shishiny to raspberry and soybean. He also reported that 
sucrose was the principal form of carbohydrate translocated in 
these species, but small quantities of another compound, prob­
ably raffinose, were found in both raspberry and soybean. In 
these species, also, the radioactive glucose and fructose 
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showed equal activities, and were interpreted as arising from 
hydrolysis of sucrose. 
Kelson ej; al. (90) have compared the products of photo­
synthesis translocated from C^Og fed leaves under conditions 
in a growth chamber, both with and without adequate nutrient 
solutions, and under greenhouse conditions in an adequate 
nutrient solution. They reported that in plants grown under 
controlled conditions in adequate nutrient solution serine and 
sucrose were translocated. In nitrogen deficient plants 95 to 
100 per cent of the in the stem was recovered in sucrose. 
In plants grown in the greenhouse, malic acid was the only 
labeled compound detected in the stem. When COg concentration 
was increased from 0.03 to 0.15 or 0.3 per cent, the total COg 
assimilated was said to increase, but this had little effect 
on the products found. Mortimer (88) reported that serine, 
glycine and glyceric acid contained most of the label in 
treated leaves at low COg concentrations, but at higher con­
centrations these were replaced by sucrose and alanine. 
Gage and Aronoff (46) attempted to study the directing 
influence of plant parts on the movement of C ^"-photosynthates, 
but the removal of root tips and growing points gave variable 
results. Steaming the lower stem was stated to reduce move­
ment into the stem, whereas excision below the cotyledon com­
pletely stopped the downward movement of C^-photosynthate as 
well as tritiated water, Cl^, or C"*"4 labeled fructose applied 
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to a cut petiole. In experiments involving simultaneous feed­
ing of ISO and C^02 the data obtained were explained as in­
volving movement of solute without corresponding movement of 
water. 
Booth et al. (22) have recently reported that the decapi­
tation of beans and peas resulted in less movement of 
sucrose or P-^-phosphate into the tops, but that this movement 
was restored when the tips were treated with indoleacetic acid 
in lanolin. They also reported that the application of IAA to 
intact, mature leaves resulted in movement into these leaves 
of the two labeled materials. Such movement does not normally 
occur at significant rates. 
Kinetin was reported to cause a polarization of la­
beled a-amino-isobutyric acid to the place of application and 
away from developing roots on the petioles of excised leaves 
(40). In untreated leaves the material moved to developing 
roots, where it was accumulated even though it was nc-t used in 
building proteins. 
Translocation of 
Hevesy et al. (53) were the first to use as a tracer 
for the movement of this very important compound in plants. 
They applied labeled ammonium sulfate to the leaves of 
sunflower plants and demonstrated that it was absorbed and 
translocated out of the treated leaf. Vickery et al. (Ill), 
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in the same year, applied labeled ammonium chloride to the 
roots of tobacco and buckwheat and demonstrated that it was 
absorbed by the roots and incorporated into all parts of the 
tissues of the plants in a three day period. 
MacVicar and Burris (80) used labeled ammonium sul­
fate to study the absorption and translocation of this com­
pound in tomato plants. They observed rapid absorption by 
roots and translocation to the aerial portions. The rapid 
initial Increase in the concentration of labeled nitrogen to 
a maximum in the mature tissues suggested to them the conver­
sion of the absorbed ammonium ion to organic nitrogenous com­
pounds and a transfer of such compounds to other more rapidly 
metabolizing portions of the plant. In young plants, the 
highest concentration at practically all stages, except for 
a very short time after application of the labeled nitrogen, 
occurred in the meristems and roots. They felt that the up­
ward movement of nitrogen was in the xylem and was in the form 
of organic compounds. They did not exclude the possibility of 
direct translocation of the ammonium ion and synthesis in situ 
as an explanation for their observations. 
In further studies MacVicar and Burris (79) reported that 
all nitrogenous fractions or amino acids isolated from plants 
fed contained substantial amounts of after 12 
hours. Of the various fractions isolated, glutamic acid had 
the highest concentration, containing approximately five times 
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the amount present in the total tissue nitrogen, and almost 
ten times the amount in the total protein fraction. Aspartic 
acid also contained substantial amounts whereas the basic 
amino acids histidine and lysine had the lowest concentra­
tion. In young plants there was an indication of considerable 
synthesis of amides, particularly in the roots. This work has 
been reviewed by MacVicar (78). 
Volk and McAuliffe (112) sprayed urea labeled on 
tobacco leaves and studied its absorption and distribution. 
Within six hours after spraying, about 20 per cent of the 
absorbed nitrogen had been translocated from the treated leaf 
and could be detected throughout the plant, the centers of 
accumulation being the neristem, root, and leaves adjacent to 
the urea-treated leaf. After 24 hours almost half the ab­
sorbed nitrogen had been translocated out of the treated leaf. 
Distribution of translocated nitrogen above and below the 
treated leaf was thought to suggest evidence of a diurnal 
fluctuation in direction and degree of translocation. The 
identity of the labeled translocated compound (or com­
pounds) was not determined. 
Turchin ot al. (108) used labeled compounds to study 
uptake of ammonium nitrogen in oat plants. They concluded 
that nitrogen entering the plant was rapidly converted to 
amino acids, which then ascended the plant. 
Bond (20) fed alder plants elemental nitrogen which was 
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enriched in and found that the nodules on the root rapidly 
fixed the nitrogen gas. Within six hours the fixed was 
detectable in the shoot. Girdling of the stem was found to be 
not effective in preventing upward movement of the fixed N*^. 
He concluded that the transpiration stream was most probably 
the normal route by which the nitrogen, which was thought to 
be in organic form, ascended the stem. The alder nodule is 
not a water absorbing organ and Bond could not explain the 
mechanism of transfer of the fixed nitrogen from the nodule 
into the transpiration stream. 
Temperature Effects on Translocation 
Curtis and Herty (35) reported on the effect of chilling 
the petioles of bean leaves on translocation from the leaf. 
Temperatures between 0.5* and 4.5*0 greatly reduced transport 
of carbohydrates from the leaf, as measured by loss of dry 
matter when the entire plant was placed in the dark. 
When the entire plant was held at temperatures of 4°C, 
10°C, 20°C, 30°C and 40°C, Hewitt and Curtis (54) found that 
translocation increased up to 20°, then was approximately the 
same at 30*, but decreased at 4o°c. This was true for both 
bean and tomato, but milkweed had a higher optimum, translo­
cating more at 30*C than at 20*0. The authors state that the 
decrease in translocation at 40°C was due to depletion of 
carbohydrates in respiration and not primarily to injury of 
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the transport mechanism. 
Went and Hull (117) reported a Q^g of less than one in 
experiments on tomato in which a cold collar chilled to I-3°C 
was applied to the lower stem, "when the upper leaves were fed 
a sucrose solution. However, their index of translocation was 
the bleeding from the decapitated tip, so the results are dif­
ficult to interpret. Analysis of the roots for total sugars 
did not, in general, support their claim for enhanced movement 
at low temperatures. Hull (56) reported the same enhancement 
of movement at low temperatures when he applied 0^^-labeled 
glucose and sucrose to measure translocation. The radioauto-
graphs published are open to interpretation, but his data on 
tracer movement support his interpretation. 
Swanson and B{Mining (101) reported the effect of cooling 
the petiole of a leaf fed by immersing in 0.75 M sucrose solu­
tion, then using growth of the stem in total darkness as an 
index of translocation. Maximum rates of transport occurred 
at petiole temperatures around 20 to 30°C. At temperatures 
both above and below this range elongation, and therefore 
translocation, was reduced. 
The work of Kendall (63), using the same techniques as 
Swanson and BShning, supported their conclusions. 
BOhning, Swanson, and Linck (14) found a "remote control" 
effect on translocation from primary leaves of bean into the 
growing tips when the lower stem was cooled. Optimum translo-
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cation, as measured by stem growth, occurred at 33°C. They 
explained the remote effect as a hydraulic system, which is 
compatible with mass flow. 
Studies on the Structure and Properties of the Phloem 
Currier, Esau, and Cheadle (33) investigated the plasmo-
lyzability of sieve tube protoplasts and found that the sieve 
tube units of 22 of 23 widely separated species could be plas-
mo ly zed and deplasmolyzed with careful manipulation. The 
sieve tube protoplast is extremely fragile and the capacity 
for plasmolysis (or deplasmolysis) is easily lost. No cyto­
plasmic streaming was observed in any of the mature sieve ele­
ments studied. No dehydrogenase activity could be demonstrated 
in the sieve tubes, suggesting a lowered state of metabolic 
activity. 
The nucleus disintegrates upon maturation of the sieve 
element, leaving the nucleolus visible. Concurrently with the 
disintegration of the nucleus the tonoplast breaks down and 
slime bodies, probably proteinaceous, are found scattered 
throughout the cell. These slime bodies originate in the 
cytoplasm but lose their sharp boundries concurrently with the 
break-up of the nucleus, and become dispersed as a colloidal 
"slime" in the vacuole. These slime bodies will accumulate in 
dense masses on the sieve plate upon Injury to the phloem and 
become slime plugs. The special techniques needed to prevent 
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formation of these slime plugs, which apparently result from 
a release on one side of the relatively high turgor pressure 
in the sieve elements, is described by Currier, Esau and 
Cheadle (33). 
Roeckl (95) has investigated the difference in concentra­
tion of solutes between the palisade cells and sieve tubes in 
Robinia pseudoacacia. She found that mesophyll cells could be 
plasmolyzed with sieve tube sap, proving conclusively the re­
ports of Loomis (75) and Leonard (71) that sugars move toward 
the phloem against a concentration gradient. This is very 
strong evidence that a purely physical mass flow, as visual­
ized by Mtlnch, is impossible. The movement through palisades 
to the sieve tubes would be an energy-requiring process. 
Wanner (113) has made numerous analyses of phloem exu­
dates and has found only sucrose and at best only traces of 
monosaccharides in Robinia, Carpinus, and Hoya. Sugar phos­
phates could not be identified by paper chromatography, al­
though they appear in leaf mesophyll in considerable concen­
tration. Wanner reported strong phosphatase activity in 
companion cells. He visualizes a movement of sugar phosphates 
to the phloem, synthesis of sucrose phosphate and then dephos-
phorylation of the sucrose. This could be the active process 
by which sugars enter the phloem. Zeigler (121) has proposed 
an active secretion mechanism for phosphorus also. 
Wanner (114) reports an extremely rudimentary glycolytic 
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enzyme system in the sieve tube exudates of Robinia. Several 
negative tests were obtained for hexokinase, phosphohexo-
isomerase, aldolase and invertase. Wanner feels that the lack 
of these enzymes accounts for the stability of the sucrose 
molecule during transit through the sieve elements. 
Willenbrink (118b) has studied the local influence of 
various enzyme poisons on translocation through the petiole of 
Pelargonium zonale. He reports that the respiration intensity 
of isolated conducting bundles is considerably higher than the 
surrounding petiole tissue. Nitrogen, hydrogen or carbon 
monoxide atmosphere did not inhibit fluorescein or nitrogen 
compound movements, while 10molar HON fully stopped the 
movement of fluorescein, nitrogen, and phosphorus. This in­
hibition, however, was reversible. With dinitrophenol, 
arsenate, azide or iodoacetate, transport was completely and 
irreversibly stopped. Flouride gave some inhibition, but did 
not completely stop movement. 
Kursanov and Brovchenko (70) have recently reported on 
the effect of added ATP on the entry of assimilates into the 
conducting system of sugar beets. They found that addition of 
ATP increased the formation of hexose and triose phosphates, 
and also stimulated movement of carbohydrates from the leaf. 
This was interpreted as further evidence for the phosphoryla­
tion of sugars which precedes their transfer from the meso­
phyll to the phloem, where they are rapidly resynthesized to 
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sucrose. 
Esau (41) states that at the ultimate ramifications of 
the vascular bundles in leaves the sieve elements are very 
narrow, whereas the companion cells are wide and conspicuous, 
partially encircling the sieve elements. The density of the 
protoplast in the companion cells resembles that of secretory 
cells. She feels that phosphorylated sugars are dephosphory-
lated with the synthesis of sucrose which is then secreted 
into the sieve elements. Since phosphatase activity is demon­
strable in the companion cells, she feels this is the site of 
this synthesis. Such a mechanism could operate against the 
concentration gradient previously discussed and could estab­
lish a concentration gradient in the phloem system. 
Several recent studies have been made of the ultrastruc­
ture of the sieve element with particular emphasis on the 
sieve plate, since this is the portion of the cell which would 
offer greatest theoretical resistance to movement of solutes 
and/or solutions. Zeigler (122) reported the absence of a 
tonoplast over the sieve plate in Heracleum sieve elements. 
He also could not find intact mitochondria in the mature sieve 
elements. The pores were not penetrated by a central lumen 
but were compactly filled with plasm. The plasm over the 
sieve plate was found to show a specific lamellar structure in 
the sieve pore which was thought to correspond to the endo­
plasmic reticulum. Hepton and Preston (52) also reported 
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dense connecting strands more or less continuous with the 
deeply stained material located on one or both sides of the 
sieve plate. There was no sign of micropores or tubules. 
Esau and Cheadle (42) also have investigated the fine 
structure of the sieve plates. They also reported membranes 
through the sieve plate, using certain types of fixation. 
They found no tonoplast and state that slime may be a compo­
nent of the vacuole in mature sieve elements. 
Kollmann and Schumacher (68) reported that dormant phloem 
sieve cells of Metasequoia contained plastids, nucleus, and 
mitochondria. The sieve tube showed endoplasmic tubules in 
longitudinally oriented groups. However, Kollmann (67) found 
free nucleoli after degradation of the nucleus in Passiflora. 
He also reported fewer mitochondria which were smaller than 
those in adjacent parenchyma cells. The plasm connections 
through the sieve pores consist of "plasma-threads" which may 
eventually possess tubes or double membrane structure. Koll­
mann states "the proof of a highly differentiated sieve tube 
plasm permits certain ideas, to which the sieve elements pas­
sive role in transport is very questionable". 
A new technique for gathering sieve tube exudate for 
study of the translocation process was developed by Kennedy 
and Mittler (65)• In this technique the stylet of aphids 
feeding on phloem sap is severed and the exuding sap collected. 
The exudate may be collected at the rate of 1 mm^ per hour 
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continuously for up to four days. The force for the exudate 
comes from the sieve tube itself. Weatherley, Peel, and Hill 
(115) reported on experiments using this technique in which 
the exudate collected contained between 5 and 15 per cent 
sucrose, up to 0.4 per cent rafflnose, no reducing sugars and 
about 0.5 per cent amino acids. 
Exudation was unaffected by ringing above and below the 
stylets. This they interpreted as indicating a rapid sealing 
of the cut ends of the sieve tube and a switch over in source 
of supply from leaves to storage cells in the stem. 
Canny (26) fed C^Og to willow trees on which aphids were 
growing, and used the aphid stylet technique for the measure­
ment of the velocity of movement of tagged assimilates. He 
found a velocity of only 2 cm per hour. It was stated that 
this was the same velocity as found in the bark, but such low 
rates would tend to suggest that perhaps the exudate was merely 
in equilibrium with the main stream of translocation and was 
not the movement of the translocated sugars per se. This 
would also be suggested from the failure of ringing to stop 
the flow of exudate. 
Zimmermann (123, 124) has used the aphid stylet technique 
in translocation studies. He states (124) "whoever has been 
able to observe the rapid and consistent exudation from cut­
off aphid stylets cannot doubt that we are dealing with a mass 
movement of solution". It would be assumed that the sieve 
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tubes, whose concentration of sugars may be as high as 30 per 
cent, would exhibit considerable turgor pressure. The mass 
movement of a solution is not the only explanation of the con­
tinued exudation. Such an exudation would continue if the 
sugars were continuing to equilibrate with the vacuole of the 
sieve tube by independent movement. Water would continue to 
move into a punctured cell from surrounding tissue by osmosis. 
Due to the fact that wall pressure may not be built up due to 
the open stylet, an equilibrium may not be reached and such a 
system, with independent movement of sugars from adjacent 
cells, would continue to exude for many hours. 
Of the four main theories of phloem transport, ignoring 
the problem attendant to getting the solutes into the sieve 
tube, the main objections are: 
1. Mass flow - such a mechanism requires the intercon­
nection of adjacent sieve tube vacuoles. No such connection 
has been established. The amount of water which can move into 
such tissues as developing fruit is also thought to be too 
small to allow for the movement of the large quantities of 
material observed. 
2. Activated diffusion - no mechanism has been proposed 
which could visualize such a process. The energy used in such 
a mechanism would also appear to be prohibitive. 
3. Protoplasmic streaming - streaming of protoplasm has 
not been observed in mature sieve tubes. There is also the 
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problem of movement through the sieve plate. 
4. Interfacial flow - the original proposal of Van den 
Honert of the vacuole-tonoplast or tonoplast-cytoplasm inter­
face as the place of such a movement appears to be without 
basis since the tonoplast disappears with maturation of the 
sieve element. With the increasingly conspicuous fine struc­
ture observable in sieve cells, however, such a theory may yet 
prove to be tenable. 
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METHODS AND MATERIALS 
Studies with P^2 
General methods 
Soybean seedlings (Glycine max variety Hawkeye) were the 
main experimental material. The culture method established 
after several preliminary investigations was to germinate the 
soybeans in moist vermiculite in waxed, 7 oz drinking cups in 
a controlled environment growth chamber. The temperature was 
maintained at 27 + 2°C and the light intensity at the height 
of the unifoliate leaves was approximately 1200 foot candles. 
The plants were kept on a twenty-four hour photoperiod. This 
gave better growth at the relatively low light intensity and 
removed the diurnal fluctuations normally found. The plants 
were watered daily with distilled water in order to keep them 
low in minerals. In this way vigorous plants were obtained 
which began to show deficiency symptoms only after about a 
month, since minerals stored in the cotyledons could be uti­
lized in early growth (79). The plants were normally used for 
studies on export from cotyledons on the 12th through the 16th 
days. In a few experiments plants as young as 10 days and as 
old as 18 days were used. The cotyledons normally abscised 
about the 20th day after planting. Plants in which a leaf was 
treated with the radioactive phosphate solution could be used 
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until they were almost one month old. By growing plants in 
the drinking cups they could be easily handled and the root 
system was not damaged before treatment, as when the plants 
were grown in trays then removed to a nutrient solution before 
treatment. Waxed cups were essential, for poor growth was 
obtained when unwaxed cups were used. 
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The P , a high specific activity solution of the phos­
phate ion in weak HOI, was obtained from the Oak Ridge National 
Laboratory. From this a solution was prepared which contained 
a 10 mM (millimolar) concentration of total phosphate and 0.2 
per cent of Tween-20. The pH varied from 2.2 to 2.6 and the 
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specific activity of P was normally 1 Uc (microcurie) per 
10 Ul (microliters). For leaf treatments this solution was 
applied with a 50 P-l micro syringe, care being taken to prevent 
puncture of the epidermis. Ten U1 of this solution was nor­
mally applied as two 5 PI drops placed 5 mm on either side of 
the midrib, half way back on a unifoliate or on the terminal 
leaflet if a trifoliate leaf was treated. When cotyledons 
were treated care was again taken to prevent puncture of the 
epidermis, but the treatment solution was applied as three or 
four small droplets around the upper surface of the cotyledons. 
After several preliminary experiments, four hours was 
determined to be the time best suited for most translocation 
studies with P-^2. By this time sufficient activity had moved 
from the treated tissues to other parts of the plant to give 
44 
accurate counts, yet in this comparatively short time little 
redistribution would be expected. 
When the plants were harvested the treated leaf was re­
moved and the plant was sectioned as desired for the particu­
lar experiment. The plant samples were then placed in an oven 
at 65°C and dried for a minimum of 24 hours. After drying, 
the plant parts to be analyzed were made up to 1.50 grams with 
untreated soybean tissue which had been previously dried, then 
coarsely ground. The 1.50 gram sample was then ground in a 
Wiley mill to pass a 20 mesh screen. The ground material was 
placed in a form and pressed into a wafer 3/4 inch in diameter 
under 14,000 pounds per square inch for 3 minutes in a hydrau­
lic press. The resulting briquet was at infinite thickness 
for P32. 
The briquet was counted with a thin-window geiger tube, 
mounted just above an aluminum plate with a 5/8 inch hole, and 
a binary scaler. The briquet was held against the hole with a 
spring-loaded, rigid mounting device which kept the geometry 
constant. This technique was developed by Mackenzie and Dean 
(77). Both sides of the briquet were counted and an average 
was taken in order to compensate for any failure to mix the 
treated and untreated material thoroughly. The counting 
efficiency of such a system, using a 2.5 milligram per centi­
meter square mica thin-window geiger tube was found to be 
approximately 7 per cent. 
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The distribution of P32 in soybean seedlings was deter­
mined both by counting, for absolute values, and by autoradio­
graphy, to determine relative distribution within the tissues. 
The plants autoradiographed were treated on the intact cotyle­
dons with 10 Pc of P32 which was 10 mM in phosphate and 0.2 
per cent in Tween-20, and at a pH of 2.4. Immediately before 
treatment, randomly selected plants were steamed until a ring 
around the stem became pale and watery. A 1 cm section was 
killed which was located 2 cm above or below the treated coty­
ledon. 
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The P solution was applied to the intact cotyledons and 
the plants were allowed to remain in the growth chamber for 
four hours. At that time the treated cotyledons were removed 
and the roots were gently cleaned of vermiculite. The plant 
was then placed on an 8 i 10 inch Kodak X-Ray no-screen film, 
which had been covered with single weight aluminum foil, in 
the darkroom using a dark red safelight. The edges of the 
aluminum foil were folded in such a way as to exclude light. 
The plant and film were then placed on a masonite board, a 
sheet of plastic foam material was placed on top of the plant 
to assure good contact with the film, then a second masonite 
board was placed on top of the plastic. This was repeated for 
the number of plants used, then the stack of plants and film 
was firmly taped together with masking tape and placed in a 
freezer at -20*0 for 5 days to expose. After exposure the 
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film was developed in Kodak D-76 developer, fixed in acid 
fixer, washed, then dried. 
Methods for specific experiments 
In order to investigate the "loading" of veins with P32 
in excised sugar "beet leaves reported by Barrier and loomis 
(3) a number of experiments were run in which 1 to 5 Pc of P32 
was pipetted onto the surface of excised leaves, then spread 
evenly over the surface of the leaf with a soft camel hair 
brush. The leaves had a number of treatments and pre-treaS-
ments including lights vs. dark, high vs. low temperature, and 
oxygen vs. no oxygen. After a few hours to allow for absorp-
"5P tion of the P the leaves were washed through several soapy 
and pure water changes, then they were placed adjacent to 5 x 
7 inch Ilford Industrial film. In various experiments the 
film was both covered with aluminum foil and left uncovered; 
this necessitated working in the darkroom under safelight. 
The leaves and film were backed by masonite boards and sheets 
of plastic foam were used to maintain good contact with the 
film. The firmly taped stacks of film were then placed in a 
freezer at -20*0 and exposed for 5 days. The film was devel­
oped in GE Supermix X-Ray developer, then fixed, washed, and 
dried. 
To determine the effect of killing a portion of the stem 
with steam on the translocation of P32, both upward and down­
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ward, the stem was killed with a jet of steam as described for 
the autoradiograms. The plants were then treated on the 
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cotyledons with 1 Pc of P in a solution containing 10 mM 
phosphate and 0.2 per cent Tween-20. After a four hour trans­
location period the plants were separated into sections, then 
briqueted as previously described, and counted. 
The effect of removal of the growing tip of soybean seed-
32 lings on the translocation of P from both cotyledons and 
unifoliate leaves was determined by clipping the stem apex and 
any trifoliate leaves less than half expanded, then comparing 
the movement out of the treated leaf on cut plants with the 
movement from comparable leaves on intact plants. In some 
tests naphthaleneacetic acid and indoleacetic acid were applied 
in lanolin paste to the cut tip to investigate the effect of 
auxins on translocation into a growing tip. In other experi­
ments the effect of external application of auxin in lanolin 
paste to unifoliate leaves was investigated. Foliarly applied 
P does not normally move into the unifoliates in significant 
amounts. 
In order to determine the effect of the phosphorus level 
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of the plants on the amount of translocation of P from a 
treated leaf, plants were placed in nutrient solution or dis­
tilled water, after being germinated in vermiculite. They 
were then treated and comparisons were made of the amount of 
translocation from plants on the two levels of minerals. In 
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later experiments comparisons were made of translocation from 
treated leaves of plants growing in distilled water or in 5 mM 
phosphate solution at pH 4.0. The plants were in the phos­
phate solution 48 hours prior to the application of P^2 to the 
unifoliate leaves or to the cotyledons. 
The effect of addition of unlabeled phosphate to the 
foliage prior to treatment with P^2 was also investigated. 
The unlabeled phosphate, as EB^PO^ adjusted to pH 4.0, was 
applied to cotyledons, unifoliate leaves, and roots of soy­
beans growing in vermiculite in the growth chamber. Pour 
hours later the P-^2 solution was placed on unifoliate leaves 
or on the cotyledons. After a four hour translocation these 
plants were harvested and compared to plants which had re­
ceived no phosphate pre-treatment. The effect of the concen­
tration of phosphate in the treatment solution on the translo­
cation from cotyledons of low mineral plants was investigated 
by applying the Pv in solutions containing 1 Pc of activity 
in 10 Pi of solution with 0.2 per cent Tween-20, but which 
varied in the phosphate concentration from carrier free to 100 
mH. Experiments were also conducted on the injection of vary­
ing concentrations of phosphate directly into the cotyledons. 
Five Pi of solution was injected into three locations on each 
cotyledon of plants growing in vermiculite. Small concentra­
tions were injected to prevent mass movement of the P-^2 out of 
the cotyledon. 
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The effect of translocation of photosynthates or other 
foods as a prerequisite for the movement of P^2 from unifoli­
ate leaves and cotyledons was investigated by comparing move­
ment in plants which were held in the dark for 48 hours prior 
to treatment, then during the 4 hour translocation period, 
with plants which were held under conditions of continuous 
light. The effect of light on the movement into other leaves 
of P^2 applied to the leaf of sugar beets was also investigat­
ed. The plants were darkened for 48 hours prior to treatment 
and movement in these plants compared to that in plants in 
light, the period of translocation being 24 hours. 
In other experiments the effect of starvation on uptake 
and translocation of P^2 applied to the roots of soybean was 
studied. The cotyledons were removed from 18 uniform plants 
and half of the plants were placed under a light-proof box for 
72 hours. At the time of treatment the roots of the plants 
were carefully cleaned of vermiculite, washed in tap water, 
then placed in beakers containing 10 Pc of P-^2 and a 2 mM con­
centration of phosphate. The light and dark plants were 
paired in the beakers, then placed in the light. After two 
hours the plants were harvested, the roots were washed three 
times, then the plants were divided into tops and roots at the 
cotyledonary node, dried, briqueted, and counted. The activ­
ity in plants pre-treated in the dark was compared to that in 
plants held in constant light. 
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In order to investigate the effect on translocation of 
32 
P of cold temperatures in a section of the stem, the follow­
ing experiments were performed. Soybean plants grown in the 
growth chamber under standard conditions were transferred to 
a table in the laboratory near a south window. A bank of 
lights, both fluorescent and incandescent, hanging above the 
table, gave a light intensity of approximately 500 foot can­
dles. With diffuse light coming through the window this was 
raised to 1500 to 2000 foot candles for most experiments. 
Water jackets approximately 2 inches long were fitted 
over portions of the stem. These jackets were paired and each 
jacket had a concave side •which fitted around the stem of the 
plant. In order to assure good contact and heat transfer, 
plasticine was softened by kneading with the fingers, then a 
small amount of the softened plasticine was placed around the 
stem. The cooling jackets were then fitted tightly over the 
plasticine. The jackets were supported by ring stands and 
were connected to a temperature bath capable of maintaining 
temperatures within + 0.02*0. After all jackets were fitted a 
solution previously cooled to -0.5*0 was pumped through the 
system. This procedure was found to give stem temperatures 
directly under the jacket of 0.5°C, as determined by thermo­
couple measurements. 
A thirty minute cooling period was allowed before the p-*2 
solution, previously described, was placed on a unifoliate 
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leaf or on the cotyledons. The cold jackets were placed either 
above or below the treated leaves, then the distribution of 
32 
P was compared to that in plants the stems of which were at 
room temperature throughout. In control experiments, plasti­
cine was placed on the stem in the same location as the cold 
jackets, but was found to have no effect on translocation. 
Experiments were performed in which the stem of plants 
was cooled to 0.5°C for two or twelve hours, then allowed to 
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warm up to room temperature before application of P to as­
certain if cooling a section of the stem would interfere with 
movement of the tracer after the section was warmed. The pre-
cooled plants were compared to plants which had been growing 
in the same cup, but which were not pre-cooled. 
The effect of localized cold stem temperatures on move­
ment of P^2 applied to the roots was investigated by placing 
the cold jacket on the stem, then placing the roots of the 
soybean plants in a 2 mM phosphate solution containing 5 #c of 
P . The plants were harvested after 2 hours when a hand-held 
geiger tube on a laboratory monitor showed activity in the 
top. The activity in the cold stem plants was compared to the 
activity in plants which had plasticine only on the stem in 
place of cold jackets fitted over plasticine. 
The effect of dinitrophenol on the process of transloca­
tion was investigated using soybeans. A 10 molar 2,4-
dinitrophenol solution was placed in large corks which had 
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been hollowed out, split, and fitted over the stem of plants, 
using soft paraffin wax to make them water tight. The uni­
foliate leaves were then treated with a P^2 solution and 
translocation was compared to plants receiving no dinitro­
phenol. In other experiments 25 PI of 0.001 molar solution of 
dinitrophenol was injected into the stem of plants, treated on 
the cotyledon,approximately 3 cm above or below the treated 
cotyledon, or into the treated cotyledon. In all cases the 
movement was compared to that found in plants receiving no 
dinitrophenol. The effect of dinitrophenol on movement into 
developing pods of soybean was investigated by injecting 250 
PI of 10-5 molar dinitrophenol into the seed pod cavity or 10 
PI of the same solution directly into each developing seed on 
soybean plants growing in 5 inch pots in the greenhouse. 
Equal quantities of water were injected into the seed pod or 
seed of plants used as controls. The trifoliate leaf growing 
from the same node as the fruit was treated on the terminal 
xp 
leaflet with a solution containing 5 Pc or 1 Pc of P . After 
24 and 4 hours, respectively, the pods were removed, counted, 
and compared. 
32 Other experiments performed with P included investiga­
tions of the amount of translocation from cotyledons and from 
leaves of various ages. The distribution of this activity 




Soybean plants, grown in the growth chamber as previously 
described, and poplar whips were used in root up take and 
translocation studies with which was supplied as the 
ammonium ion. The poplar plants (Populus serotina) were ob­
tained from a commercial nursery as 18 to 24 inch whips. The 
plants were stored in a cold room at 2°C to hold them in a 
dormant condition until needed. The plants were placed in 5 
inch pots in a sand-soil (3:1) mixture, then placed in the 
greenhouse where the terminal bud soon started to grow. After 
approximately one month the plants were used. At that time 
the new growth was approximately 6 to 8 inches long. Lateral 
buds did not usually sprout, but a few plants developed 
branches. These plants were used in experiments requiring 
branched plants. 
The labeled nitrogen was obtained from Eastman Organic 
Chemicals, Distillation Products Industries, Rochester, Kew 
York, as which contained 9.5 atom per cent ÏT"^. A 
stock solution of this compound was made up by weighing ac­
curately 5.000 grams of the which was placed in a 
500 ml volumetric flask, then made up to volume with distilled 
water. Treatment was made by pipetting the required volume of 
this solution onto the surface of the sand-soil mixture, then 
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adding sufficient distilled water to wet to the bottom of the 
pot, when the poplars were used as experimental material. The 
plants to be treated had not been watered for 2 or 3 days be­
fore treatment so as to dry the soil. They were not dried 
sufficiently, however, to cause wilting. 
When soybean plants were used for these studies, the 
vermiculite was carefully removed from the roots of the plants, 
they were washed through tap water, then placed into a solu­
tion containing 500 parts per million of the labeled 
ammonium nitrate, or an equivalent amount of labeled 
ammonium sulfate. 
The in the plant samples was determined by first 
finding the total quantity of reduced nitrogen by a Kjeldahl 
analysis, then the ratio of mass 29/28 was determined in a 
mass spectrometer from nitrogen gas generated from the 
Kjeldahl reduced nitrogen. 
The plant samples were placed in a 65°C oven and dried 
for a minimum of 48 hours. /Then dry, the samples were weighed, 
then placed in 75 ml eldahl flasks. Approximately 15 mg of 
powdered selenium metal and 50 mg of a 3:1 mixture of EgSO^ 
and CuSO^ were added to each sample. They were then digested 
with 10 ml of concentrated SgSO^ on an electric digester. 
Seating was continued for approximately one hour after the 
samples became clear. Calvert (25) has reported that the ex­
tended digestion recommended by Francis _et al. (45) is not 
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necessary for the accurate determination of nitrogen ratios in 
plant tissue. 
The digested sample was cooled, then approximately 25 ml 
of distilled water was added to the acid sample. After the 
diluted sample had cooled it was transferred, with washing, to 
a 300 ml Kjeldahl flask and a small piece of mossy zinc was 
added to control bumping. The flask was fitted onto a dis­
tilling head in which the delivery tube was immersed in a 
standardized sulfuric acid solution of approximately 0.05 N in 
a 125 ml erlenmeyer flask to which had been added 4 drops of a 
methyl red-methylene blue mixed indicator (58). Calvert had 
previously found that this indicator did not interfere with 
determinations in the mass spectrometer. 
Forty-five ml of 4o per cent NaOH was added to the dis­
tilling flask through a tube inserted through the rubber 
stopper holding the flask to the distilling head. This was 
connected to a small funnel by a short length of rubber tubing 
to which was applied a pinch clamp. After addition of the 
KaOH, the pinch clamp was used to close the tube. The acid 
and base were mixed by swirling the apparatus, and the strongly 
alkaline mixture was then heated with a small bunsen burner to 
start the distillation. Water was circulated through the con­
denser, and the distillation was continued until the liquid 
became frothy. Thirty or 40 ml of water was usually distilled 
over with the ammonia. 
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The standardized acid trap vas removed from the distill­
ing head after rinsing the condenser with distilled water, 
then the acid not neutralized by the ammonia distilled over 
was titrated with standardized Ha OH. The mg nitrogen in the 
sample was calculated, and 3 to 5 drops of 1 H EgSO^ was added 
to re-acidify the sample. The sample was then placed on a hot 
plate and evaporated until a concentration of approximately 
1 mg of nitrogen per ml was obtained. The concentrated sample 
was then stoppered and placed in the refrigerator until it was 
ready to be analyzed. 
Two or 3 ml of the concentrated ammonium sulfate solution 
from the Kjeldahl determinations containing 2 or 3 mg of ni­
trogen was added to one arm of a Rittenberg tube as the first 
step in the determination of 5"^ concentration. Two ml of a 
sodium hypobromite solution, prepared as in Appendix VI of 
Francis et al. (45) was added to the other arm. The hypo­
bromite contained KI to prevent the formation of oxygen, which 
is said to interfere in the mass determination (45). The Rit­
tenberg tube was sealed with light Celvacene grease and then 
attached to a vacuum manifold with Apiezon N grease. The man­
ifold has a liquid nitrogen cold trap and a duo-seal pump plus 
a gas diffusion pump. Using this system a vacuum of 0.5 V* Hg 
could be obtained in the tubes. After evacuation and removal 
from the manifold, the ammonium ion was oxidized to Bg by mix­
ing the ammonium sulfate and the sodium hypobromite. The 
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nitrogen gas thus generated was introduced into a Consolidated 
Electrodynamics Corporation Mass Spectrometer, Model 21-620, 
which had a direct reading isotope ratio accessory. The mass 
29 ion current was balanced against the mass 28 ion current 
with the isotope ratio accessory and the ratio read off di­
rectly. The ion of mass 29 was composed of a molecule 
which was ionized by electron bombardment, then accelerated 
through a magnetic field and collected on a plate where the 
ion current produced was measured. The mass 28 ion was from 
a molecule composed of which was ionized, accelerated, 
collected, and the ion current measured in the same manner, 
except that due to differences in mass they were collected on 
two different plates. 
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From the ratio obtained the atom per cent S can be 
calculated from the formula 
Atom per cent B x 
c. + ii 
where B. = the ratio mass 29/28. 
The derivation of this formula is found in Junk and Svec 
(59) and Francis et al. (45). 
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In order to obtain the atom per cent excess H the value 
of 0.3665 was subtracted from each sample. This is the value 
reported as naturally occurring by Junk and Svec (60) and has 
been found to be the approximate value of untreated plant 
material analyzed by the above procedure. 
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The value for atom per cent excess represents the concen­
tration enrichment caused by the addition of the enriched 
sample of nitrogen. For an estimate of the total amount of 
the labeled material -which was present in a sample, the atom 
per cent excess was multiplied by the total amount of nitrogen 
in the sample, the value being expressed as P-g excess. 
Methods for specific experiments 
The rate of application of the labeled ammonium nitrate 
was investigated by applying it to the sand-soil mixtures in 
which poplar whips were growing at the rates of 50, 100, 200, 
and 400 mg per plant, using the techniques described under 
general methods. Two plants were treated at each rate. The 
plants were harvested 72 hours after application of the mate­
rial, having been re-watered after 4g hours. 
The plants were harvested by removing the current year's 
growth, which comprised the sample called top, then cutting 
the stem half way up the old growth, then cutting again ap­
proximately 2 inches above the rootstock. The two stem sec­
tions, designated upper and lower, were then carefully divided 
into bark and wood. This division was easily made since the 
bark separated readily from the wood. This method of harvest 
gave five samples for each plant. They were: top, upper 
bark, upper wood, lower bark, and lower wood. 
In order to investigate the time needed to give good up­
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take of the labeled material a test was run using poplar whips 
in which 200 mg of labeled ammonium nitrate was applied to the 
sand:soil mixture, then the plants were harvested after 24, 
48, and 96 hours. In addition to the duplicate plants at each 
time, three plants were ringed and harvested at each time in­
terval. The ring was located at the position in which the 
division was made between upper and lower stem sections. This 
means that upper sections were entirely above the ring and 
lower sections were entirely below the ring. 
The rings were made by cutting completely through the 
bark with a sharp razor blade with two parallel cuts, approxi­
mately 3 cm apart. The bark between the cuts was removed and 
the wood was lightly scraped. Paraffin wax at approximately 
54°C was then applied over the cut to protect it from desicca­
tion. The plants were sectioned and analyzed as previously 
described. 
More comprehensive experiments involving ringing were run 
in which both ringed and unringed plants were held in darkness 
and in light. The darkened plants were held in darkness for 
10 days before the labeled material was applied, then during 
the 48 hours before the plants were harvested. An additional 
treatment was made, utilizing plants which had well developed 
side branches on the lower half of the old stem. In such 
plants there would be a ready source of photosynthates for the 
roots, even though the plants were ringed. Two plants were 
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randomly selected to be ringed from each of the three groups, 
giving a pair of ringed and a pair of unringed for the plants 
in light, plants in dark, and the plants with side branches. 
The rate of treatment was 300 mg of ammonium nitrate per plant 
and the plants were harvested as before after 4g hours. The 
side branches made one additional sample per plant for that 
treatment. 
An experiment with to determine the tissues involved 
in the upward translocation of root absorbed ammonium was run 
with poplar. Pour poplar whips were used in this test. Two 
of them had been held under low light intensity for three days 
and in total darkness one day before the test to lower the 
carbohydrate level of the plants. Two others were left in the 
greenhouse under normal sunlight. A vertical slit was made in 
the stem of all plants with a sharp razor blade, starting ap­
proximately 6 inches below the current year's growth then cut­
ting downward for approximately 16 inches. The bark was then 
carefully separated from the wood, and a 12 inch piece of 
waxed paper was slipped between the bark and the wood. The 
bark was carefully placed back over the wood, then the roots 
were washed to remove the sand-soil mixture and placed in a 
solution containing 500 ppm of labeled ammonium nitrate. Two 
other plants, treated in the same manner, were placed with 
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their roots in 2 mM phosphate which contained 10 Pc of P . 
The tops of these plants were monitored with a hand-held, thin 
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window geiger tube which was connected to a laboratory monitor. 
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When the P was easily detectable in the top, which was two 
hours later, all plants were harvested. The samples taken 
were the top, which was the same as in previous tests, the 
bark, which included only that portion of the bark separated 
from the wood, and the wood, which was the wood portion di­
rectly under the bark sample. These were analyzed as before, 
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with the same samples counted for the P treatment. 
Experiments were run with soybeans, grown as previously 
described, to determine the effect of steaming on the uptake 
and translocation of H"^. pive or six plants were taken as 
the experimental unit in these experiments. The plants were 
steamed in the internode between the unifoliate and the first 
trifoliate, then the movement to the top was compared to un-
steamed plants after 12 hours with the roots in a 500 ppm 
solution of 9-5 atom per cent The test was run in 
the growth chamber, and the samples taken were top, which in­
cluded all above the steamed portion, or comparable position 
on unsteamed plants, the lower stem, which was the portion 
below the top down to the cotyledonary node, and the roots, 
which included all portions below the cotyledonary node. 
Several ages of plants were used for replications. 
A similar experiment to the one just described was run, 
with the difference that labeled ammonium sulfate, at the same 
concentration of nitrogen, was used rather than the ammonium 
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nitrate used "before. 
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The effect of steaming on the movement of B applied as 
to cotyledons was investigated. Fourteen day old 
soybean plants growing under standardized conditions in the 
growth chamber were used for this experiment. Five plants 
were used for each treatment, which consisted of steaming the 
stem below the cotyledon for one treatment, steaming above the 
cotyledon for the other, plus intact controls. Fifteen min­
utes after steaming a solution containing 5 mg of the 9.5 atom 
per cent excess N1was applied to the intact cotyledons 
of each plant in 20 P>1 of solution. After a 12 hour translo­
cation period the plants were harvested and cut through the 
steamed portion, or its equivalent position, to give a top and 
a root sample for each treatment. The treated cotyledons and 
node were discarded. The samples were then analyzed as pre­
viously described. 
This experiment was repeated with no change in technique 
except that the epidermis under the treated droplet was lightly 
punctured with the microsyringe to allow better absorption. 
An experiment was run with soybean plants to determine 
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the effect of low carbohydrates on translocation of H from 
the root. Plants were kept in a dark box for 72 hours prior 
to placing their roots in a 500 ppm labeled ammonium nitrate 
solution. Three plants comprised an experimental unit. One 
set of plants was allowed to remain in the dark during the 
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entire 6 hour treatment time. Another group of plants remained 
in the dark for 5 hours, "but were held in the light for the 
last hour before harvest to raise the rate of transpiration 
and increase any upward movement in the transpiration stream. 
The plants were divided into two parts, top and roots, at the 
cotyledonary node. The amount of in these plants was com­
pared to that in plants treated similarly, but which remained 
in constant light. 
Studies with 0^ 
General methods 
14 
The C studies were designed to see the effect of steam­
ing above and below treated leaves on the movement of C^ 
labeled photosynthates. The was obtained from the Oak 
Ridge National Laboratory as high specific activity barium 
carbonate. This sample was diluted with carrier barium car­
bonate so that 2.4 mg of barium carbonate contained 20 Uc of 
C^. A quantity, 2.4 mg, of barium carbonate was accurately 
weighed into a special feeding chamber which was 10 ml in 
total volume. The feeding chamber was a slight modification 
of the one described by Aronoff (1). The feeding chamber was 
made in the glass shop from a 15 mm test tube, which was 
shortened and a tube added near the bottom in which could be 
inserted a serum vial stopper. The feeding procedure involved 
securing the feeding chamber with a ring stand, then placing 
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petroleum jelly around the open top. The unifoliate leaf to 
be fed was pressed gently down on the jelly until a seal was 
obtained. Approximately 0.25 ml of 10 per cent perchloric 
acid was introduced through the serum vial with a syringe to 
14 
generate the G O^. The 2.4 mg of barium carbonate generated 
enough COg to give a 2.6 per cent concentration inside the 
feeding vessel. The feeding was stopped after thirty minutes 
by injecting 0.5 ml of 10 per cent NaOH into the feeding 
chamber to trap the CO^ not fixed. 
Methods for specific experiments 
Fourteen day old plants were steamed either above or be­
low the unifoliate leaves, then fed as described above in a 
growth chamber with a light intensity of 1200 foot candles. 
After one hour the plants were harvested, the leaves were ar­
ranged to fit an 8 x 10 piece of film, then a glass cooled to 
-20°0 was placed over the plants to freeze them quickly. The 
plants were then placed adjacent to uncovered Kodak X-Ray no-
screen film, backed with masonite and sheets of foam plastic 
to hold them in place, then taped in stacks and placed in the 
freezer at -20°C to expose. After a 5 day exposure the film 
were developed with Kodak D-76 developer, fixed, washed, and 
dried. Comparisons could be made visually between the trans­
location in steamed above, steamed below and intact plants. 
Eleven day old plants were treated as described above 
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except that the translocation period was extended to four 




Studies with P^2 and 
Normal distribution 
32 
The normal distribution of P applied to the foliage of 
plants was determined in order that valid comparisons could be 
made with treatments designed to alter this normal pattern and 
to aid in the interpretation of the results. It was still 
necessary to run untreated controls with each experiment, 
however. 
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The amount of P moved out of a treated leaf as a func­
tion of age and position is shown in Table 1. From these data 
it may be seen that P^2 was not exported from young leaves 
which were less than 1/4 expanded. There was a sudden shift 
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as the leaf continued to expand and P was readily transported 
from the older leaves. This shift probably develops when the 
leaf begins the normal export of photosynthates. 
It may be seen also that the amount of P^2 translocated 
out of a treated cotyledon was considerably greater than that 
translocated from other leaves. Using 8 to 10 day old plants 
it was found that 15 to 20 per cent of the activity applied to 
intact cotyledons could be translocated out of the cotyledon 
into the axis of the plant in only 4 hours. 
The distribution between the top and roots, of P^2 applied 
Table 1. Total activity moved out of a treated leaf as a function of stage of 
growth 
Test No. 1 - 2 Pc applied; 18 hour translocation period 
Leaf treated Unifoliate > 
1/2 expanded 
2nd trifoliate ca. 
1/4 expanded 
3rd trifoliate < 
1/4 expanded 
Cotyledon 32,132 — — — 
Unifoliate 1,783 9,338 5,883 
1st trifoliate — —  6,700 6,483 
2nd trifoliate — —  401 5,366 
3rd trifoliate — — 49 
Test No. 2 - 2 Pc applied; 24 hour translocation period 
Leaf treated Unifoliate > 
1/2 expanded 
1st trifoliate 1st trifoliate 2nd trlfo-
beginning to expanded liate < 1/4 
expand expanded 
Cotyledon 49,974 27,491 36,453 —  —  
Unifoliate 13,312 18,593 18,295 15,040 
1st trifoliate —  —  — —  22,066 
2nd trifoliate _ mm — — 46 
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to a cotyledon is shown in Figure 1 as a function of age. A 
rapid decrease in the amount of P^2 exported toward the top 
was found after the tenth day. After this time the main direc­
tion of export from the cotyledons was toward the roots. Much 
of the activity reaching the top of older plants is believed 
to be due to leakage from the phloem to the xylem of the lower 
stem and roots rather than direct movement through the phloem 
39 
The distribution of P between top and roots of plants 
of various ages at the time the tracer was applied to a uni­
foliate leaf is shown in Figure 2. The variability among 
younger plants was great, but after approximately 20 days the 
activity translocated from a unifoliate leaf decreased and 
there was less variability. As the unifoliate became senile 
32 there was an increase in the amount of P which was exported 
from the leaf just prior to abscission. 
Short term experiments were conducted in which the coty­
ledons were treated and the plants harvested after 15, 30, or 
60 minutes. After removal of the treated cotyledons the stem 
was cut into 2 cm sections both up and down the stem. The 
amount of P^2 in the individual stem sections was determined. 
After 15 minutes the amount of P^2 found in the axis of 
the plant was insignificant even though 10 Pc of P^2 was 
applied. Due to the large counting error no conclusions could 
be drawn about the distribution of activity in the stem. 
After 30 minutes, however, considerable activity was detectable 
32 
Figure 1. Counts per minute of P in top and roots of soybean plants 
of various ages. One Uc of P-*2 was applied to an intact 
cotyledon. The plants were harvested and sectioned 4 hours 
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Figure 2. Counts per minute of in the top and roots of soybean 
plants of various ages. One Uc of P^2 was applied to an 
intact unifoliate leaf. The plants were harvested and 
sectioned at the cotyledonary node 4 hours later. Each 
point is the average of 3 plants. 
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in the stem sections. The count data were converted to dis­
integrations per minute, logs were taken of these values and 
plotted against stem section number (Figure 3). A straight 
line relationship was found for the activity moving downward, 
proving the existence of a logarithmic distribution of activ­
ity downward from the cotyledonary node. This logarithmic 
relationship between activity and distance moved did not exist 
upward from the treated node. 
The logarithmic plot was extrapolated to zero, as de­
scribed by Vernon and Aronoff (110), and the intercept on the 
x axis determined to be 10.5. This represents the stem sec-
tion in which the activity of P would be one disintegration 
per minute, which is considered to be the "front" of activity. 
Since the sections were 2 cm long, this would mean the "front" 
had moved 21 cm in 30 minutes, or that the rate of transloca­
tion was 42 cm per hour. 
This method of calculation does not take into account the 
time required to penetrate the epidermis and enter the trans­
location stream, and the technique requires a number of un-
proven assumptions, as pointed out by Vernon and Aronoff. The 
value obtained is a minimum rate under the conditions employed. 
The rate of 42 cm per hour found may be considerably lower 
than could be found by other methods of measurement, but is 
not greatly out of line with those reported by other investi­
gators . 
Figure 3. The logarithm of activity in disintegrations per minute 
plotted against stem section, downward from the treated 
node. Plant harvested and sectioned 30 minutes after 
application of 5 P-c P^ to an Intact cotyledon 
L O G  A C T I V I T Y  (  D P M )  
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Distribution studies using autoradiography 
^50 i4 
The distribution of P and 0 in soybean seedlings was 
studied by preparing autoradiograms of treated plants after a 
period, usually 4 hours, of translocation. The effect on 
translocation of killing a portion of the stem either above 
or below the treated leaf was studied with this technique. 
The C"^ was applied as COg to a lighted, unifoliate leaf, and 
32 the P was applied to a cotyledon, since considerably greater 
activity was moved from a cotyledon than from a treated unifo­
liate leaf. Some representative autoradio grams are shown in 
Figures 4 through 13. 
It is a characteristic of translocation that materials 
moving in the xylem tend to be carried into older, more 
rapidly transpiring leaves. In contrast, phloem movement into 
mature leaves may be almost zero while actively growing tis­
sues receive large quantities of translocate. The relative 
accumulation of tracer in mature and growing leaves may thus 
be used as an index of the tissue of translocation. 
The normal distribution of P-5^  after a 4 hour transloca­
tion period is shown in Figure 5. A marked accumulation may 
be seen in the roots, particularly in the growing tips. There 
was also considerable activity in the stem tip and the rapidly 
expanding trifoliate leaflets of the youngest leaf. Considera­
ble activity was found in the unifoliate leaves also, indicat-
Figure 4. Autoradiogram showing the dis- Figure 5. 
trlbution of p32 in a 13 day 
old soybean plant which had a 
1 cm portion of the stem 1 cm 
below the cotyledons (arrow) 
killed with a jet of steam 15 
minutes before application of 
10 Pc of to the cotyledons. 
After 4 hours the cotyledons 
were removed, the plant was 
harvested, and exposed for 5 
days at -20*0. Note that some 
radioactive material has diffused 
across the killed portion of the 
stem. Some of the tracer has 
accumulated in the uppermost 
root tip (arrow). 
Autoradiogram showing the dis­
tribution of P32 in an Intact 
13 day old soybean plant which 
was treated on the cotyledons 
with 10 He of P32. 
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Figure 6. Autoradiogram showing the dis­
tribution of P'2 in an 8 day-
old soybean plant which had a 
1 cm section of the stem 1 cm 
above the cotyledons (arrow) 
killed with a jet of steam 15 
minutes before application of 
5 Uc of P32 to the cotyledons. 
After a 4 hour translocation 
period the cotyledons were re­
moved and the plant was har­
vested, and exposed for 5 days 
at -20*0. Note lack of activ­
ity in the killed section and 
lack of accumulation in the 
growing tip. 
Figure Autoradiogram showing the dis­
tribution of p32 in a 13 day 
old soybean plant which had a 
1 cm portion of the stem 1 cm 
above the cotyledons (arrow) 
killed with a jet of steam 15 
minutes before application of 
10 Pc of P32 to the cotyledons. 
Note the lack of accumulation 
in the killed portion of the 
stem. 
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Figure 8. Autoradiogram showing the dis­
tribution of P32 in an 8 day 
old soybean plant which had a 
1 cm section of the stem 1 cm 
below the cotyledons (arrow) 
killed with a jet of steam 15 
minutes before application of 
5 Po of P32 to the cotyledons. 
After a 4 hour translocation 
period the cotyledons were re­
moved and the plant was har­
vested and exposed for 5 days 
at -20*0. Note the lack of 
activity in the unifoliates, 
but a concentration in the 
growing tip. No activity moved 
downward past the steamed sec­
tion. 
Figure 9. Autoradiogram showing the dis­
tribution of P32 in an 8 day 
old intact soybean to which 5 
Pc of P-52 was applied to the 
cotyledons. After a 4 hour 
translocation period the coty­
ledons were removed, the plant 
was harvested and exposed for 
5 days at -20*0. Note concen­
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Figure 10. Autoradiogram showing dis­
tribution of 0^ in an 11 day-
old soybean plant which was 
steamed for 1 cm along the 
stem 3 cm below the unifoliate 
node. A unifoliate leaf was 
fed 20 Pc of O^Og 15 minutes 
after steaming. The plant was 
harvested 4 hours after expo­
sure to the Ol4o^. Note no 
activity moving past the 
steamed portion, but other­
wise the distribution of 
activity was the same as in 
the intact plant. 
Figure 11. Autoradiogram of an intact 
11 day old soybean plant 
showing distribution of O14. 
A unifoliate leaf was fed 20 
Pc of O^^Og, then harvested 
after a 4 hour translocation 
period. Note there was no 
activity in the untreated 
unifoliate leaf, but a con­
centration in the growing 





Figure 12. Autoradiogram showing the dis­
tribution of P32 in a soybean 
plant fed through the roots. 
The plant was placed in a solu 
tion containing 25 Pc of P^2 
for 18 hours. 
Figure 13. Autoradiogram showing dis­
tribution of O-^ in an 11 day 
old soybean plant which was 
steamed for 1 cm along the 
stem 1 cm above the unlfoll-
ate node (arrow). A unifo­
liate leaf was fed 20 Pc of 
O^^Og 15 minutes after steam­
ing. The plant was harvested 
4 hours after exposure to the 
O-^Og» quickly frozen, then 
placed adjacent to Kodak X-
Ray no-screen film for 5 days 
at -20*0. Note no activity 
in the top, but otherwise 
distribution of activity is 
the same as in an intact 
plant (Fig. 8). 
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Ing loss of the tracer to the transpiration stream. 
A comparable plant is shown in Figure 4 in which a sec­
tion of the stem 1 cm below the cotyledon was killed with a 
jet of steam 15 minutes before a P32 solution was applied to 
the intact cotyledons. This plant also was harvested after a 
4 hour translocation period. A little tracer was found to 
move downward past the killed portion of the stem in plants in 
this age group. This was probably simple diffusion through 
the apoplast. Once the P32 had diffused through the killed 
section of the stem, however, a small portion of the labeled 
material re-entered the symplast and moved in the phloem to 
the uppermost root, where it accumulated normally in the grow­
ing tip. 
When the stem was killed above the cotyledon just prior 
to treatment, a slightly different pattern of distribution of 
32 
P was seen, as shown in Figure 7» Here, although the figure 
shows slow upward movement, the average amount of activity 
moving to the top was only slightly reduced, with the isotope 
probably moving upward through the killed portion and into the 
mature leaves in the transpiration stream. Some of the activ­
ity in the transpiration stream moved back into the symplast, 
as shown by a high activity in the growing tip and expanding 
trifoliates with their low transpiration rates. 
The distribution of P applied to the cotyledons of an 
8 day old plant steamed above is shown in Figure 6. There was 
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little essential difference in the distribution of activity 
between the controls and the plants which were steamed above. 
In the younger plants there appeared to be less movement of 
the radioactive material into the growing tip, although a very 
heavy concentration of P-^ was found in the growing tip of the 
intact plant, as seen in Figure 9- In the intact plant the 
unifoliate leaves also showed activity. When the 8 day old 
plants were steamed below the cotyledon, however, no activity 
could be seen in the unifoliate leaves, as shown in Figure Q. 
There was a heavy accumulation in the growing tip, just as was 
found in the intact plants. This pattern is considered to be 
typical of phloem movement. 
The basic distribution of labeled photosynthates was 
not greatly different in a 4 hour translocation period from 
that of P-52 applied as phosphate. This similarity can be seen 
by comparing Figure 11 and Figure 9. There was again accumu­
lation in the root tips, stem tips, and expanding leaves. 
There was, however, no activity detectable by this method in 
the untreated unifoliate leaves. This would be expected if 
the hypothesis holds that organic materials move only via the 
phloem, whereas inorganic compounds leak readily into the 
xylem and are carried into mature leaves in the transpiration 
stream. 
Ko detectable diffusion downward past the steamed portion 
of the stem can be seen in Figure 10. In contrast to the 
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movement of there was also no detectable movement of the 
labeled photosynthates upward past a steamed area, as seen 
in Figure 13. The results indicate that the labeled organic 
molecules were limited to the phloem, and that even with the 
disruption of this tissue caused by steaming little or no loss 
to the transpiration stream occurred. With P^, however, 
there appeared to be a rapid lateral movement to the xylem at 
the site of injury, then passive movement to the top in the 
transpiration stream. The differences observed in ability to 
move upward past a steamed section are believed to depend upon 
the chemical form of the compounds moving. 
The distribution of inorganic phosphate absorbed through 
the roots and moved upward in the transpiration stream is 
shown in Figure 12. There was good activity in the unifoliate 
leaves in this treatment, but again a greater accumulation in 
the growing tip and expanding trifoliates, indicating either 
redistribution via the phloem from the unifoliate toward the 
stem tip, or absorption of the upward moving compounds by the 
symplast and movement to the tip via the phloem. 
Excised sugar beet leaves were treated with a P^2 solu­
tion which was uniformly applied over the surface, then after 
varying times the leaves were washed, frozen, and autoradio-
grams were prepared from the frozen leaves to determine the 
distribution of the P-^ absorbed. The heavy concentration of 
P-52 in the veins which has been reported (3) for such leaves 
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could not be demonstrated consistently. The nature of the 
factor influencing this accumulation was investigated, but no 
clear-cut evidence was obtained. 
The effect of steaming on translocation 
The effect of steaming a portion of the stem on transio-
32 
cation of ? was studied using the counting technique de­
scribed, as well as autoradiography. The results of these 
tests are presented in Table 2. The downward movement of 
was virtually stopped by this treatment. Movement into the 
top, however, was found to be greatly increased in all plants 
killed below the treated leaf. The total activity moved out 
of the treated leaf was always less in plants killed below the 
treated leaf. 
When the steamed portion of the stem was above the 
treated leaf there was little effect on the amount of P3^  mov­
ing to the top, as shown in Table 3. The total movement from 
the treated leaf in plants steamed above was variable and 
differences do not appear to be significant. 
Translocation was allowed to continue for 24 hours in 
these experiments and transfer to the transpiration stream in 
the root system is considered to have been the cause of the 
accumulations above a steamed stem section. A comparison of 
the autoradiograms shown in Figures 6, steamed above, and 8» 
steamed below, illustrates the effect. Upward movement from 
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Table 2. The effect on translocation of steaming a portion 
of the stem below a treated unifoliate; each value 
an average of 5 plants 
Test No. 1 Test No. 2 Test No. 3 
Steamed Control Steamed Control Steamed Control 
Top 2,702 1,348 21,974 15,661 657 134 
Lower 
stem 804 2,388 1,746 3,541 4 763 
Root 102 5»1?3 32 11.908 11 1,933 
3,608 8,929 23,752 31,110 672 2,830 
Table 3. The effect on translocation of steaming a portion 
of the stem above a treated unifoliate; each value 
the average of 5 plants 
Test No. 1 Test No. 2 
Steamed Control Steamed Control 
Top 15,195 15,534 148 134 
Lower 
stem 12,380 20,779 1,426 763 
Root 20,208 24,628 2,112 1,933 
47,783 60,941 3,686 2,830 
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treated cotyledons with the root system isolated appeared to 
be in the phloem, with no transport into mature leaves. When 
the stem was steamed below the treated leaf the roots filled 
and movement into mature leaves occurred. Such movement is 
considered to be in the transpiration stream. 
The upward movement of P^ applied to the roots of pop­
lars was found to be through the xylem, as is shown in Table 
4. The bark and wood in the plants in this test were separated 
by waxed paper, then the roots were placed in a labeled phos­
phate solution. When considerable activity could be detected 
in the top with a hand-held geiger tube and rate meter, the 
plants were harvested and the samples briqueted and counted. 
The differences in activity between the separated wood and bark 
leave little doubt but that this movement was occurring in the 
wood. 
52 
Table 4. p found in poplars whose bark and wood was 
separated by waxed paper 
Plant Ho. 1 Plant No. 2 
Top 2,798 1,918 
Bark 9 7 
Wood 589 482 
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Steaming a section of the stem in the internede above the 
unifoliate leaves was found to have no effect on the upward 
32 
movement of P applied to the roots of soybean, as shown in 
Table 5. Twenty day old plants were placed in a solution con­
taining 10 Pc of P^ in 2 mM phosphate. The plants were har­
vested after 2 hours and divided at the steamed region and the 
cotyledonary node into top and lower stem. The roots were 
discarded. There was no difference in the activity in the two 
treatments, indicating upward movement in the transpiration 
stream. 
Table 5. The effect of steaming on upward movement of P3 
applied to intact roots of soybean; each value the 
average of 4 plants 
Steamed Intact 
Top 788 745 
Lower stem 403 354 
Total 1,191 1,099 
The effect of cold stem temperature on translocation 
The effect on translocation of placing a cold jacket on 
"5? the stem of a plant treated on the unifoliate leaves with P 
is shown in Table 6. The cold jacket, which gave a stem tem­
perature of 0.5*0, was found to stop upward movement of p32 
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Table 6. The effect of a cold jacket giving a stem tempera­
ture of 0.5*0 on the translocation of P32; uni­
foliate leaf treated; four hour translocation; each 
value the average of 4 plants 
Gold jacket above Cold jacket below Control 
treated leaf treated leaf 
Top 3 175 44 
Upper 
stem 23 138 43 
Lower 
stem 492 200 737 
Root 227 8 849 
745 521 1,673 
almost completely when placed above the treated unifoliate 
leaf. There was an equally great reduction in the amount of 
P32 moving downward through the cold jacket from treated 
unifoliate leaves. The effect was very comparable to that 
found when the plants were steamed in this position. This is 
the pattern which would be expected of normal phloem transport, 
and it contrasts sharply with the results obtained with 
steamed stem sections (Table 3). Translocation was continued 
for 24 hours in the steamed plants instead of 4, thus allowing 
more time for possible breakdown of organic phosphorus com­
pounds and transfer to the transpiration stream in the roots. 
Also, the steaming may have affected permeability and enzyme 
95 
actions in cells near the treated area. There was a reduction 
of more than 50 per cent in the amount of activity moved out 
of the treated leaf when the cold jacket was placed on the 
stem above the treated leaf, whereas the reduction was almost 
70 per cent when tne stem was cooled below the treated unifo­
liate. 
The results of placement of a cold jacket on the stem 
when a cotyledon was treated is shown in Tables 7 and g. 
Again the effectiveness in prevention of downward movement of 
32 P through the cold jacket was almost complete. However, the 
reduction in upward movement amounted to only about 50 per 
cent. The data suggest that the formation of organic phos­
phorous was less complete in the cotyledons, or that the corn-
Table 7. The effect of a cold jacket giving a stem tempera­
ture of 0.5°0 on the translocation of P^2. cotyle­
don treated; four hour translocation; each value 
the average of 4 plants 
Cold jacket above Cold jacket below 
treated leaf treated leaf Control 
Top 873 721 1,866 
Upper stem 913 826 931 








Table Q. The effect of a cold jacket giving a stem tempera­
ture of 0.5*0 located on the stem below a treated 
cotyledon; each value the average of 6 plants 
Cold jacket below 
treated cotyledon Control 
Top 921 1,389 
Root 26 2,077 
947 3,466 
pounds formed were more labile. 
When P32 in inorganic form was supplied to the rooting 
medium, chilling the stem had no effect on upward transloca­
tion (Table 9). These results indicate that exportable organic 
phosphorus compounds were not formed in the roots of these 
plants. 
A cold jacket can stop upward movement only in the phloem. 
The normal direction of movement from young leaves is toward 
the growing tip. In older leaves it is toward the roots. 
An experiment was run in which the stem was cooled for 
2 hours, then the cold jacket was removed and the plant allowed 
32 to warm to room temperature before applying Pv to the cotyle­
dons. The results of this experiment are found in Table 10. 
The amount of activity moving to the root in the pre-cooled 
plants was 70 per cent of that in control plants. In a later 
experiment the time the plants were pre-cooled was extended to 
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Table 9- The effect of a cold jacket on translocation of P 2^ 
taken up by the roots; stem temperature was 0.5°C; 
average of 8 plants 
Cold stem Control 
Top (above jacket) 541 485 
Lower stem (below jacket) 230 252 
Total 771 737 
32 Table 10. The effect on translocation of P of pre-cooling 
a section of stem below a cotyledon to 0.5°C for 
2 hours; before application of P^ to the cotyle­
don the cold jacket was removed and the plant 
allowed to come to room temperature; each value 
the average of 8 plants 
Pre-cooled Control 
Top 1,015 1,376 
Root 3,538 5,033 
Total 4,553 6,409 
12 hours. Results of this experiment are presented in Table 
11. Here the activity moving into the roots was 65 per cent 
of that in control plants. In both experiments the control 
plants were grown in the same cup with those pre-cooled. This 
would eliminate the effect of root temperatures on movement, 
since they would be the same for both treatments. In these 
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Table 11. The effect on translocation of 0f pre-cooling 
a section of stem below a cotyledon to 0.5*0 for 
12 hours; before application of P-^2 to the cotyle­
don the cold jacket was removed and the plant 
allowed to come to room temperature; each value 
the average of 8 plants 
Pre-cooled Control 
Top 5,383 9,616 
Root 11,043 16,843 
Total 16,426 24,459 
experiments there was a significant reduction in the activity 
moving to the roots. This reduction, however, did not ap­
proach the stoppage of translocation found when the cold 
jacket remained on the plant during the time of movement. 
These results indicate that it was not a plugging of the sieve 
plates with slime plugs or callose which caused the stoppage 
in cold plants, since such an effect would not be so nearly 
reversible. 
There was no accumulation either above or below a cold 
section, as may be seen in Tables 6 and J. The cold section 
of stem was at the section between top and upper stem or roots 
and lower stem, flhen compared to the control plants there was 
no increase in activity in the section between the treated 
leaf and the cold section. 
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Die effect of phosphorus level in treated plant and in 
treatment solution 
The effect of the phosphate level in the plant was found 
to have an influence on the amount of P-^2 labeled phosphate 
exported from a treated leaf. In plants which had been placed 
in a full strength Hoagland and Anion nutrient solution for 3 
days prior to treatment with P^2 there was less than half as 
32 
much P exported from the treated leaf in 24 hours as in low 
mineral plants growing in distilled water. The average values 
for this test are found in Table 12. It should be noted that 
the greatest reduction in activity was in the roots, which 
were in the nutrient solution. 
In order to ascertain if the reduction in translocation 
Table 12. A comparison of the translocation of P^2 from 
unifoliate leaves of soybeans growing in distilled 
water and in complete nutrient solution; values 
given in counts per minute; each value the average 
of 6 plants 










was due to phosphate or to some other compound in the nutrient 
solution, an experiment was conducted in which the low mineral 
plants grown in vermiculite were transferred to distilled 
water or to a 5 mM phosphate solution. After 48 hours in 
these solutions, soybean plants were treated either on the 
cotyledons or on the unifoliate leaves with P^2 solution, then 
harvested after 4 hours by removing the treated leaves and 
dividing into root and top at the treated node (Table 13). A 
reduction in translocation of a similar magnitude was found in 
this test. Again it was the roots which showed the greatest 
reduction in translocation. 
These results suggested a test to determine if the appli­
cation of unlabeled phosphate to a portion of the plant a 
short time prior to application of P^2 would influence the 
translocation of the labeled phosphate from a treated leaf. 
These tests were conducted on soybean plants growing in 7 oz 
waxed cups in vermiculite. In the plants pre-treated with 
phosphate on the roots, 10 ml of a 0.1 M solution of phosphate 
at pH 4.0 was pipetted around the roots, then washed in with 
approximately 30 ml of water. In the plants pre-treated on 
the unifoliates, 100 W of a 0.1 H solution of phosphate was 
spread over the surface of both unifoliate leaves. The aver­
age results for 6 plants with each treatment are shown in 
Table 14. P-^2 was added to the cotyledons 4 hours after the 
unlabeled phosphate. The plants were allowed a 4 hour trans-
101 
Table 13. A comparison of the translocation of P^ from 
cotyledons and unifoliate leaves of soybeans grow­
ing in distilled water and in 5 mM phosphate solu­
tion; treated with 2 l&c P-^2; each value the average 
of 7 plants 
Unifoliate leaf treated 





















Table 14. The effect of addition of unlabeled phosphate to 
the roots or the unifoliate leaves of soybean 
plants 4 hours before treating the cotyledons; each 
value the average of 6 plants 
Untreated controls Roots pre-treated Unifoliates pre-
with PO4 treated with PO4 
Top 6,555 5,395 3,797 
Root 19,256 15,828 17,422 
Total 25,8H 21,223 21,219 
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location period, then harvested and divided at the treated 
node. The same test was repeated, applying the labeled mate­
rial to a unifoliate leaf rather than the cotyledon. These 
results are presented in Table 15. In each case there was a 
"52 
reduction in movement of P out of the treated leaf when the 
plant had been supplied with phosphate 4 hours before the 
application of the labeled material. Furthermore, this reduc­
tion was greatest toward the portion of the plant receiving 
the unlabeled phosphate in all but one of seven tests. 
The effect of the total phosphate concentration in the 
treatment solution on the translocation of labeled phosphate 
was investigated by applying 1 P-c per 10 PI of P^2 solution 
to cotyledons when the solutions contained no added phosphate, 
10 mM added phosphate, or 100 mM added phosphate. The results 
of this test are shown in Table 16. More total activity was 
translocated when the P^2 was applied in a 10 mM phosphate 
Table 15. The effect of addition of unlabeled phosphate on 
translocation of P^2 from a uni.foliate leaf; plants 
divided at the cotyledonary node; each value the 
average of 6 plants 
Hoots pre-treated Unifoliates pre-
Untreated controls with PO4 treated with PO4 
Top 1,767 1,262 822 
Root 948 953 783 
Total 2,715 2,215 1,605 
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Table 16. The effect of POA concentration in the treatment 
*39 
solution on the translocation of P from a treated 
cotyledon; each value the average of 6 plants 
Carrier-free PO4 10 mM PO4 100 mM PO4 
Top 25 495 805 
Root 246 5,067 3,010 
Total 271 5,562 3,815 
solution than when either carrier-free or 100 mM phosphate was 
used. There was an increase in activity in the top when 100 
mM phosphate was applied, but this may have been due to in­
creased leakage to the transpiration stream brought about by 
the high phosphate concentration. The great decrease in 
3? 
translocation of the carrier-free P was probably due to 
metabolic tie-up in the treated tissue of the low mineral 
plants. Translocation from the leaves of plants on high phos­
phate may be considerably greater than the small amount found 
in this experiment when very small amounts of the labeled 
phosphate are added. 
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The effect of injecting P solutions containing various 
levels of phosphate directly into the cotyledon may be seen in 
Table 17. Test one of Table 17 was run concurrently with the 
test shown in Table 16 and may be directly compared. The tie-
up of carrier-free phosphate found when the solution was 
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Table 17. The effect of injection of P^2 at various phos­
phate concentrations into cotyledons of 14 day old 
soybean plants 
Test 1. Bach value 
Carrier-free PO4 
the average 
10 mM PO4 
of 2 plants 
100 mM PO4 
Top 4,833 20,281 18,495 
Root 30,112 28,615 15,476 
Total 34,945 48,896 33,971 
Test 2. Each value 
Carrier-free PO4 
the average 
10 mM PO4 
of 6 plants 
100 mM PO4 
Top 3,659 7,856 5,557 
Root 23,324 24,937 10,196 
Total 26,983 32,893 15,753 
applied to intact cotyledons was not evident when the solution 
was injected directly into the cotyledon. The amount of 
moving downward in the carrier free and 10 mM solutions was 
approximately equal when the absorption phase is eliminated. 
32 
With 100 mM phosphate solution the amount of P translocated 
from the cotyledon was reduced. This is interpreted to be due 
to the fact that a given amount of phosphate may be exported 
from the cotyledon in the 4 hour period before harvest. The 
lack of movement of P^2 in 100 mM phosphate solution is 
thought to be due to the saturation of the phloem with the 
unlabeled phosphate. 
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Light effects on translocation 
The effect of light on the translocation of P^2 in sugar 
beets is shown in Table 18. It can be seen that placing the 
32 plants in the dark greatly reduced the movement of P from 
an older treated leaf into the youngest 10 leaves on the plant. 
These results indicate that the action of sugars or other 
32 photosynthates is a necessary factor in the movement of P 
from a treated leaf and into the youngest leaves in sugar beet. 
Table 18. The effect of light on translocation of P^2 from a 
treated, mature leaf to the youngest 10 leaves of 
a sugar beet plant; each value the average of 2 
plants 
Test 1. 
In light In dark for 1 week 
9,72? 1,061 
Test 2. In dark during translocation period 
In light Light pre-treatment Dark 24 hrs Dark 48 hrs 
5,268 842 111 288 
A test was also conducted to determine the necessity of 
light for the movement of P^2 in soybeans. Both cotyledons 
and unifoliate leaves were treated on plants which were in 
continuous light and in the dark for 72 hours as well as during 
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the 4 hour translocation period. The results of this experi­
ment are presented in Table 19. It can be seen that the move­
ment from the cotyledon of a dark treated plant was only about 
60 per cent of that in a well lighted environment. When a 
unifoliate leaf was treated, however, the movement out of a 
darkened foliage leaf was only about 7 per cent of that in a 
plant in light. The difference in these rates are probably 
due to the fact that the cotyledon is transporting stored food 
to the plant axis in the dark. 
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Table 19. Translocation of P from the treated leaves of 12 
day old soybean; each value the average of 8 
plants 
Cotyledons treated Unifoliate treated 
In light In dark In light In dark 
Top 4,397 5,360 88 28 
Boot 19,000 8,515 743 31 
Total 23,398 13,875 831 59 
The effect of dinitrophenol on translocation 
The effect on translocation of P^2 of the injection of 
20 PI of 10-3 M dinitrophenol solution into the stem above a 
treated cotyledon, below a treated cotyledon, or into the 
treated cotyledon proper is shown in Table 20. In each case 
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Table 20. The effect of Injection of 20 P-l of 10"3 M 
dinitrophenol solution into the treated cotyledon 
or into the stem above or below the treated coty­




DUP in stem 
above cotyledon 
DSP in stem 
below cotyledon 
Top 580 407 351 309 
Treated 
node 1,785 1,112 1,262 1,580 
Root 4,459 1,440 3,966 3,922 
Total 6,824 2,959 5,579 5,811 
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there was a reduction in the total amount of P translocated 
from the treated leaf. The effect was greatest, however, in 
the plant in which the dinitrophenol was injected directly 
into the treated cotyledon. With this treatment the total 
activity moved out of the cotyledon was reduced more than 50 
per cent, with the greatest reduction being in the amount 
normally moved to the roots. 
There was little effect in the placement of the dinitro­
phenol in the stem above or below the treated cotyledons. In 
each instance the reduction in total movement amounted to only 
about 15 per cent, with no one section being significantly 
reduced more than the others. 
When the dinitrophenol solution was injected directly 
into a developing pod, the reduction in movement of Pvc into 
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that pod from the leaf at the same node amounted to more than 
50 per cent when compared to pods injected with water (Table 
21). In test number one, 250 P>1 of the dinitrophenol solution 
was injected into the hollow cavity surrounding the seed. In 
test two, 10 Pi of dinitrophenol was injected directly into 
each developing seed. In each case the reduction in movement 
was approximately the same. 
When the dinitrophenol solution was applied to a stem by 
placing it in a receptacle around the intact stem, the results 
were variable and no definite effect could be shown. This may 
have been due to failure to penetrate the stem in amounts suf­
ficient to affect the plant. 
Table 21. Die effect of injection of 10M dinitrophenol 
solution into the developing pods of soybean 
Test 1. Five Pc of P-^2 was placed on the leaf at the same 
node; pod harvested 24-hours later; each value the 
average of 6 pods 
Control PEP in pod 
16,880 7,027 
Test 2. One Pc of ?^2 was placed on the leaf at the same 
node; pod harvested 4 hours later; each value the 
average of 12 pods 
Control PS? in pod 
427 190 
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The effect of growing tip removal on translocation 
The results from six tests in which the growing tip of 
soybeans was removed are shown in Table 22. In four of the 
tests there was a reduction in movement into the top when the 
growing tip was removed. In the two tests where there was no 
effect on translocation when the growing tips were removed, 
the plants were 18 and 21 days old. The failure of removal 
of the tip to reduce translocation in these older plants is 
believed to be evidence that phloem transport from the treated 
leaf to the top had ceased. The activity found in the top of 
the older plants is interpreted as that which moved upward in 
the transpiration stream as a result of leakage to the xylem. 
In tests three and six the cut tip of one group of plants 
was treated with 500 ppm naphthaleneacetic acid or 1000 ppm of 
indoleacetic acid. The results were variable and, in general, 
showed little effect. 
The application of naphthaleneacetic acid or indoleacetic 
acid to intact unifoliate leaves gave variable results, but in 
general did not increase movement into these leaves. This was 
true when the was applied to the unifoliate opposite to 
the auxin treated leaf or to a cotyledon. 
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Table 22. The effect of removal of the growing tip on trans­









































































Translocation of in poplars 
Poplar whips growing in a 3:1 sand:soil mixture in the 
greenhouse were used as experimental material in the study of 
translocation of The rate of application of 9*5 atom per 
cent to obtain levels of in the plant which could 
be measured accurately was investigated by applying 50, 100, 
200, and 400 mg per plant to paired plants. The labeled 
ammonium nitrate was pipetted onto the surface of the sand: 
soil mixture, from a stock solution, then washed in with dis­
tilled water. After 72 hours the plants were harvested, 
divided into five samples and analyzed for total reduced ni­
ls trogen and H as described previously. The results of the 
rate of application test are found in Table 23. Each value is 
the average of two plants which were paired with a larger 
plant and a smaller one. There was considerable variability 
in the content between the two sizes of plants, but the 
values given in Table 23 show that under these conditions 
maximum uptake of labeled ammonium nitrate was obtained at a 
rate of 200 mg. 
A time study was performed on poplar whips, using the 
same techniques, and allowing 24, 48, and 96 hours after ap­
plication of 200 mg of the labeled ammonium nitrate before the 
plants were harvested. Three plants were used for each time 
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Table 23. The effect of rate of application of on 
the uptake and translocation of the plants 
were harvested 72 hours after application of the 
labeled ammonium nitrate; each value the average 




Atom % pg jj15 
excess excess 
100 mg N15H4S03 
Atom * Ug N15 
mg N excess ÏÏ excess 
Top 34.28 .0176 6.03 26.24 .0277 7.27 
Upper 
bark 8.84 .0141 1.25 6.83 .0265 1.81 
Upper 
wood 2.05 .0195 0.40 1.74 .0406 0.71 
Lower 
bark 9.12 .0140 1.28 8.45 .0256 2.16 
Lower 
wood 5.43 .0183 0.99 5.59 .0388 2.17 
59-72 9.95 48.85 14.12 
200 mg H15H4IT03 
Atom ? pg jj15 
ag 5 excess excess 
400 mg N15H41ï05 
Atom * Pg U15 
mg B" excess IT excess 
Top 27.56 .1126 31.03 21.60 .1181 25.51 
Upper 
bark 7.65 .0393 3.01 8-02 .0414 3.32 
Upper 
wood 2.10 .0542 1.14 2.27 .0732 1.66 
Lower 
bark 12.48 .0421 5.25 14.23 .0345 4.91 
Lower 
wood 5.14 .0534 2.74 5.72 .0433 2.48 
54.93 43.17 51.84 37.88 
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Interval, two of which were intact and the third plant girdled 
by removing a one inch strip of bark completely around the 
stem and sealing with was: shortly before the treatment was 
applied. The results of this test are found in Table 24. 
Prom this table it may be seen that there was no increase in 
uptake when the feeding period was extended past 4g hours. 
The results with the girdled plants were not conclusive, 
so a second test was run in -which two plants were girdled and 
two remained intact for each of 3 treatments. The treatments 
used were normal light in the greenhouse, plants in the dark 
for 10 days previous to and during the test, and the third 
plants were branched with the branches below the area normally 
girdled. Three hundred mg of the 9.5 atom per cent ammonium 
nitrate was placed around each plant, they were watered, then 
harvested and analyzed for 4g hours later. The results of 
this test are found in Table 25. It is evident that was 
moving past the girdled section. The reduction in transloca­
tion of caused by darkening the treated plants is striking, 
since concentration of in the darkened plants amounted to 
only about 10 per cent of that found in plants in light. It 
is assumed that this reduction was due to reduced transpira­
tion in the darkened plants. It should be noted that the 
tracer was found in relatively high concentrations in the 
lower stem sections of the darkened plants, suggesting phloem 
movement. 
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Table 24. The uptake and translocation of applied 
to the roots of poplars growing in pots, as 
affected by time; each intact plant value is the 
average of 2 plants; each girdled value is for a 
single plant 











Top 88.90 .0108 8.85 88.20 .0135 12.25 
Upper 
bark 10.31 .0284 2.93 13.95 .0088 1.28 
Upper 
4.84 wood 3.50 .0574 2.01 .0108 0.53 
lower 
bark 19.83 .0158 3.13 20.65 .0093 1.87 
Lower 
wood 7.42 .0273 2.02 8.15 .0101 0.82 
129.96 18-94 135.79 16.75 












Top 65.10 .0345 22.45 96.15 .0227 21.83 
Upper 
bark 15.10 .0724 10.93 16.40 .0146 2.39 
Upper 
wood 4.62 .0939 4.34 5.31 .0145 0.77 
lower 
bark 22.73 .0358 8.13 24.25 .0103 2.50 
lower 
wood 8.61 .0444 3.82 8.63 .0136 1.17 
116.16 49-68 150.73 28.66 
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Table 24 (Continued). 











Top 90. 50 .0267 24.16 107. 30 .0265 28.43 
Upper 
bark 9. 25 .0510 4.72 16. 85 .0195 3.29 
Upper 
wood 6. 59 .0501 3.30 6. 01 .0200 1.20 
lower 
bark 30. 03 .0238 7.14 26. 90 .0146 3.93 
lower 
wood 13. 70 .0188 2.58 9. 62 .0170 1.64 
150. 07 41.90 166. 68 38-49 
A short term experiment was run using poplar plants which 
had the bark and stem separated for a distance of 12 inches 
with waxed paper so as to prevent lateral transfer xylem and 
phloem. The roots were placed in a beaker containing 500 mg 
of 9.5 atom per cent in 500 ml of water under condi­
tions of high transpiration in the greenhouse. The plants 
were harvested after two hours when other plants which had 
been placed in a solution at the same time showed activity 
in the tops. Three samples were taken of each plant, which 
included the top and the wood and bark separated by the waxed 
paper. The analysis of these samples is given in Table 26. 
The plants numbered three and four had been in the dark for 72 
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Table 25. The effect of girdling on translocation of 
applied as to poplars growing in pots; 
translocation time was 48 hours; each value the 
average of two plants 
Plants in the light 
Girdled Intact 
Atom % Pg Atom 5 t Pg N15 
mg B excess excess mg H excess N -5 excess 
Top 33.97 .0601 20.41 27.49 .1387 38.13 
Upper 
bark 9.85 .1274 12.55 9.17 .1367 12.53 
Upper 
wood 2.61 .1906 4.97 2.65 .2175 5.76 
Lower 
bark 17.33 .1182 20.48 15.15 .1895 28.71 
Lower 
wood 4.83 .1410 6.81 3.99 .2224 8.87 
68.59 65.22 58.22 94.00 
Plants dark during translocation and previous 10 days 
Girdled Intact 
Atom % Pg Atom 9 Pg 
mg N excess excess mg H excess 3SH L5 excess 
Top 34.45 .0097 3.41 17.33 .0072 1.25 
Upper 
1.34 bark 13.80 .0097 11.13 .0100 1.11 
Upper 
0.34 0.54 wood 3.72 .0092 3.06 .0175 
Lower 
bark 16.78 .0124 2.08 15.40 .0196 3.02 
Lower 
wood 4.22 .0274 1.16 4.70 .0308 1.45 
72.97 8.33 51.62 7.37 
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Table 25 (Continued). 











Top 20.08 .0706 14.18 18. 41 .1007 18-54 
Side 
branch 10.41 .0827 8.61 16. 67 .1514 25.24 
Upper 
6.46 9.48 bark 6.10 .1059 12. 87 .0737 
Upper 
.1524 4.82 wood 3.16 3. 22 .0907 2.92 
Lower 
bark 23.77 .1316 31.28 20. 41 .0795 16.23 
Lower 
wood 7.66 .1698 13.01 5. 98 .1157 6.92 
78.36 79.33 
hours prior to the treatment. It should be noted that the 
atom per cent excess in the wood of these plants was lower 
than in the plants which remained in the light (numbers 1 and 
2 ) .  
Care was used in washing the roots of the poplar plants 
used in the experiment described above. However, since the 
plants were removed from the pot in which they were growing, 
the possibility of root injury and uptake through open xylem 
vessels of the rapidly transpiring plants cannot be eliminated. 
In addition, there were many older broken roots on all the 
plants, since they had been recently transplanted from nursery 
beds. 
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Table 26. Distribution of in poplars two hours after the 
roots were treated with the bark and wood 
were separated with waxed paper immediately before 
treating3-
Atom % Hg 
Plant no. Sample mg 5 excess excess 
1 top 24.30 .0065 1.58 
1 bark 6.13 .0081 0.50 
1 wood 2.77 .0474 1.31 
2 top 27.58 .0094 2.59 
2 bark 5.68 .0049 0.28 
2 wood 2.44 .0272 0.66 
3 top 61.30 .0098 6.01 
3 bark 7.31 .0121 0.88 
3 wood 2.55 .0251 0.64 
4 top 49.20 .0066 3.25 
4 bark 7.20 .0101 0.73 
4 wood 3.33 .0169 0.56 
aPlants three and four had been held in darkness for 72 
hours prior to treatment with labeled ammonium nitrate. 
Translocation of jn soybeans 
Soybeans grown in a growth chamber under controlled con­
ditions, as outlined for plants treated with P-^2, were also 
used in translocation studies with H^-5. The effect of steam­
ing a section of the stem on translocation of absorbed by 
the roots as was Investigated by killing section of 
stem between the unifoliate leaves and the first trifoliates 
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with a jet of steam. Five plants were treated as an experi­
mental unit in this series of tests. A group of these plants 
was then placed in a 500 ml beaker with five intact plants and 
the roots were immersed in a solution containing 125 mg of 9.5 
atom per cent of the labeled ammonium nitrate. After 12 hours 
the plants were harvested and divided at the steamed section, 
or a comparable position on the controls, then cut again at 
the cotyledons to give a sample of roots, lower stem (below 
the steamed area) and top. The five plants of a treatment 
were composited and analyzed for N^. 
The distribution of total reduced nitrogen and ir1^ is 
shown as an average value per plant in Table 27. The eldest 
plants, numbered one, were approximately six weeks old at the 
time of treatment and were showing advanced symptoms of nitro­
gen deficiency. These plants were removed from the 7 oz cups 
in -which they were germinated and placed in distilled water 2 
weeks before treatment in order to deplete them of minerals. 
At the time of treatment the tips were becoming necrotic and 
had stopped growing. It may be seen that such an advanced 
stage of nitrogen deficiency did not increase movement to the 
top, but in fact, decreased the amount of 5^5 in the top. The 
roots show that substantial uptake occurred, but the values 
given are an average of the two treatments since the roots 
were composited and not analyzed separately for the two treat­
ments. 
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Table 27. The effect of steaming on the translocation of 
N15H4lî03 absorbed by the roots of soybeans; each 















1 top 3.95 .0152 0.60 4.66 .0106 0.49 
1 lower 
stem 1.45 .0999 1.45 2.02 ,0757 1.53 
1 roots 3.88 .9863 38.28 - - -
9.28 10.56 
2 top 7.17 .2561 18.74a 6.09 .2505 15.24a 
2 lower 
stem 1.22 .3329 4.07 1.46 .2594 3.79 
2 roots 3.86 1.3308 51.36 - - -
12.25 11.41 
3 top 6.37 .0326 2.08 6.50 .0363 2.36 
3 lower 
stem 1.42 .1675 2.38 1.16 .1051 1.22 
3 roots 3.04 .8589 26.12 - - -
10.83 10.70 
4 top 4.04 .1249 5.04 3.64 .1600 5.81 
4 lower 
stem 2.73 .0894 2.44 2.56 .1270 3.24 
4 roots 3.37 .5424 21.93 - - -
10.14 9.57 
^Considerable root damage in these plants. The increase 
in uptake was probably due to entry through broken roots. 
The plants comprising group two were approximately one 
month old at the time of treatment. They were germinated in a 
tray of vermiculite and transferred directly to the labeled 
ammonium nitrate solution. In the transfer there was consid­
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erable damage to the root system. This explains the much 
higher uptake of in these plants than was found with 
plants carefully transferred from cups of vermiculite with no 
root damage, such as was the case in the three week old plants 
comprising group three. The plants in group four were germi­
nated in trays of vermiculite and transferred directly to the 
labeled nitrogen solution, but there was considerably less 
root damage due to the fact that the plants were only two 
weeks old and the root systems were not badly intertwined. 
The increase in amount of moving to the top, however, was 
probably due to uptake through broken roots and direct move­
ment upward in the transpiration stream. In this experiment 
steaming had no effect on the upward movement of the in 
soybeans. 
The results of a second experiment on the effect of 
steaming the stems are found in Table 28. Greater care was 
exercised in this test to prevent injury of the roots while 
transferring plants to the labeled solution. A variety of 
ages of plants was used from 4o days old in group one to 22 
days in group six. In all tests there was a reduction in the 
movement of into the tops in the steamed plants, amounting 
to 60 per cent during a 12 hour translocation period. In one 
group of plants which was 27 days old (group 4) the growing 
tip was removed 48 hours prior to treatment. The distribution 
in these plants was no different from others in the test. 
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Table 28. The effect of steaming on the translocation of 
labeled ammonium sulfate absorbed by the roots of 
soybeans; each value the average of six plants 
Intact control 
mg H/ Atom % V-g 
































































































































^Growing tip removed from these plants prior to treat­
ment. 
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The effect of steaming the stem above and below cotyle­
dons which were then treated with labeled ammonium nitrate is 
shown in Table 29- Five mg of 9-5 atom per cent was 
applied to each cotyledon 15 minutes after the stem was 
s teamed on four plants above the cotyledon and four plants 
below. In test one the labeled compound was applied to an 
Intact cotyledon and the plants were harvested 12 hours after 
application. The distribution in the steamed plants is as 
would be expected of normal phloem transport. There was a 
great inhibition of downward movement and a very significant 
inhibition of upward movement when the stems were steamed. In 
test two all conditions were the same except that the surface 
of the cotyledon to which the tracer was applied was punctured 
to allow greater entry of the labeled material. After 8 hours 
the cotyledons had become dehydrated, probably due to osmotic 
effects, so the test was terminated and the plants harvested 
and analyzed as in test one. 
Movement of nitrogen to the tops was reduced 70 per cent 
by steaming the stem when the ^as applied to intact coty­
ledons. When the cuticle of the cotyledons was punctured, 
however, this treatment had no effect. The rapid absorption 
of the 8^5 solution by the punctured cotyledons and the 
osmotic injury shown by them is assumed to have prevented the 
synthesis of organic nitrogen compounds in the cotyledons, 
hence inorganic movement in the xylem and no effect of the 
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Table 29. The effect of steaming on the translocation of 
applied to cotyledons of soybean; each 
value the average of four plants 
Test 1-Cotyledon intact 
Intact control 
mg S/ Atom % _] _ Pg 
plant excess excess 
Test 2-Cotyledons punctured 
Intact control 
mg N/ Atom % Pg ï^-5 











9.44 8.39 9.48 32.89 


























9.85 10.31 9.44 17.14 
steaming treatment. 
The effect of light on the absorption and translocation 
of labeled ammonium nitrate was studied by placing the 
roots of three soybean plants which had been in the dark for 
72 hours in a solution containing 250 mg of (9-5 atom 
per cent) in 200 ml of water and comparing the distribution of 
j_n these plants with plants which were similarly treated 
in continuous light. The results of this experiment are shown 
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Table 30. The effect of light on translocation of absorbed 
as N15H4$I0^ by roots of soybean; six hour translo­
cation; each value the average of three plants 













1 top 7.28 .1936 14.09 7.25 .0069 0.50 
1 root 3.71 1.3386 49.62 3.81 1.1564 39.77 
10.99 63.71 11.06 40.27 
2 top 7-68 .2750 21.11 7.39a .0300 2.22 
2 root 3.39 1.2959 43.97 2.98 1.0792 32.19 
11.07 65.08 10.37 34.41 
aThese plants were placed in the light for one hour be­
fore harvesting. 
in Table 30. A very marked reduction in the amount of 
moving to the top of the plants was found in plants in the 
dark. There was an increase in translocation of 0f almost 
450 per cent when the plants were placed in light for only one 
hour prior to harvesting. 
The amount of water transpired per plant and the V>g 
translocated per ml of water is shown in Table 31. A figure 
of 2.6 Pg per ml of water transpired was calculated for 
the increase in water absorbed in the plant placed in the 
light for one hour. 
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aThese plants were placed in the light for one hour before harvesting. 
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DISCUSSION 
32 A solution containing P as the phosphate ion applied to 
the foliage leaves or cotyledons of soybean plants was ab­
sorbed by the plant and translocated out of the treated tissue 
to all parts of the plant. This movement, through living 
tissues, is relatively rapid, being many thousands of times 
faster than the known diffusion constants of the compounds 
moved (83). 
There is little agreement among plant physiologists on 
the mechanism by which this rapid movement takes place. There 
has been a great deal of work on the process, and many phenom­
ena associated with this movement are now common knowledge, 
although the significance of many of the observations is open 
to interpretation. 
32 If a P solution was applied to a cotyledon after the 
plants were more than 10 days old the principal direction of 
movement was toward the roots. This is shown graphically in 
Figure 1. The distribution of tracer down the stem from the 
treated leaf was found to be logarithmic with respect to dis­
tance from the treated leaf, if the time of translocation was 
short enough that no accumulation had occurred in the most 
distant section. This type of distribution has been previous­
ly reported by Vernon and Aronoff (110) and Biddulph and Cory 
(9). It is not known if this log distribution is established 
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in the tissue concerned with actual transport or if it is 
brought about by loss of the tracer to the tissue surrounding 
the active phloem. 
By extrapolating a graph of the logarithm of activity vs. 
stem section, the 11 front" of a tracer moving in the plant may 
be found. This distance from the treated leaf is considered 
to be the distance moved in that time interval. Under the 
conditions employed in our experiments the rate calculated us­
ing this method was found to be 42 cm per hour. This figure 
is only a minimum rate, since no allowance is made for the 
time required for penetration of the epidermis and entry into 
the phloem. 
The distribution of P-^ in the stem of plants above P-^ 
treated cotyledons was not logarithmic in 14 day old plants. 
There was also considerably less activity moved to the top as 
the plants grew older. There was some evidence that the ac­
tivity moving upward toward the growing tip from the cotyle­
dons of older soybean plants was moving in considerable part 
in the transpiration stream. The reason for this belief was 
the fact that application of a cold jacket which gave a local­
ized temperature at the base of the stem of 0.5° almost com­
pletely stopped downward movement of P-^ in the phloem (see 
Tables 7 and 8). However, when the same temperature was main­
tained in the stem above a treated leaf the reduction in ac­
tivity moving to the top amounted to only about 50 per cent. 
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Steaming above a treated leaf was also found to have little or 
no effect on the upward movement of P-^, as is shown in Table 
3. In the steaming tests the experiments were continued for 
24 hours. During this time there was a build up in activity 
in the lower stem and roots, conditions thought to be neces­
sary for large amounts of leakage from the phloem into the 
xylem and so up past the steamed area. There could also be no 
downward movement from the tops back into the roots, a circu­
lation of the type described by Biddulph (6). 
Steaming did not affect the movement of P-^ to the tops 
of soybean plants in which the roots were treated with P^2 
labeled phosphate, (Table 5), nor did a cold jacket on the 
stem have any effect (Table 9)• These are the results which 
would be expected of the movement of inorganic ions in the 
transpiration stream. 
"Whitehead (118a) found an accumulation of P-^ in tomatoes 
above a cold jacket placed below a treated leaf, but no accumu­
lation below a cold jacket placed above a treated leaf. He 
felt that a polarity was established in his plants which was 
not interrupted when the roots were physiologically isolated 
by cold treatment. No accumulation was found either above 
cold jackets placed below the treated leaf or below cold 
jackets placed above treated leaves in our experiments (Tables 
6 and 7). 
iihen plants were steamed below the treated cotyledons, 
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little or no activity moved past the girdle, but the tops of 
such plants had a greatly increased amount of P 2^. A similar 
decrease was found in movement into roots with cold (0.5*) stem 
temperatures (Tables 7 and 8)> but this was not consistently 
accompanied by the increase in activity in the top such as was 
found with steaming. The difference in these observations 
could have been due to an altered permeability or enzyme 
action in cells near the killed area, allowing the P 2^ to move 
from the symplast into the apoplast. 
32 
These observations suggest that the P exported from 
treated cotyledons or leaves, in contrast to P- 2^ absorbed by 
roots, is moving largely in organic form through the phloem. 
The organic molecules would be limited to the symplast under 
normal conditions, for they could not easily traverse a mem­
brane. Inorganic phosphate, on the other hand, probably can 
move through intact membranes. If the organic phosphorus is 
suddenly hydrolyzed to phosphate it may readily leave the 
symplast and move apoplastically. Some normal breakdown of 
organic phosphate would be expected. There is also the possi­
bility that inorganic phosphate may be moving in the phloem. 
In young plants the pattern was somewhat different for 
plants steamed below the treated cotyledon than was found for 
plants only 5 days older (compare Figures 4 and 8). In the 
younger plants there was no movement into unifoliate leaves 
when the plants were steamed below the cotyledons. In older 
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plants considerable P^2 moved to the unifoliates when the 
plant was steamed below. Movement into older leaves is con­
sidered to be proof of apoplastic movement in the transpira­
tion stream. Movement such as was observed in Figure 8 is 
considered typical of phloem transport. From this it may be 
seen that in older plants a much greater amount of P- 2^ moved 
upward in the transpiration stream when the plants are steamed 
below. It is not known if this effect is due to a decrease in 
the synthesis of organic phosphate in older plants, if a more 
labile organic form was present, or if the effect was caused 
by changes in the permeability or enzyme distribution in the 
steamed portion. 
14 
In autoradiograms showing the distribution of 0 labeled 
photosynthates in plants steamed above and below the treated 
leaf (Figure 10 and 13) it may be seen that C"^, moving as 
organic compounds (sugars ?) did not move past a steamed sec­
tion in either direction. The autoradiograms prepared are 
thought to give a true picture of the distribution of labeled 
materials at the time the test was terminated. Direct freez­
ing of soybean leaves treated with and P 2^ and exposure 
without thawing, as was done in all cases, was found by Nelson 
and Erotkov (91) to give no artifacts. 
The metabolic poison dinitrophenol, an uncoupler of oxi­
dative phosphorylation, has been reported to decrease the 
32 
movement of P from leaves in which the DNP was injected into 
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the petiole (64). Since such an effect suggests the importance 
of AIP in the translocation process, tests were conducted to 
try to localize the point at which dinitrophenol could give 
the greatest reduction in movement. It was found that when 
P 2^ was placed on a cotyledon that the greatest reduction in 
movement was found when the DSP was injected directly into the 
treated cotyledon. When the stem was injected either above or 
below the treated leaf there was a slight reduction in P 
translocated, but this was not as great as with cotyledon in­
jection, nor was there any position effect. If, however, DNP 
was injected into a developing seed pod there was a very sig­
nificant reduction in movement into the pod. These results 
may be interpreted as indicating an active process requiring 
A IP energy for movement of the P- 2^ into and through the phloem 
and for removal from the phloem at the point of utilization. 
The results of experiments using light and dark treat-
32 
ments on the translocation of P from leaves and cotyledons 
strongly suggest the necessity of sugar for the translocation 
of P 2^. It is not known if the presence of sugar is necessary 
for an energy source or if the movement of sugar is a necessary 
prerequisite for the movement of P 2^ applied as phosphate. 
The translocation of applied to the roots of poplars 
as N1^ Hzt503 was not stopped by the removal of a strip of bark. 
Loomis (74) has considered that the upward movement of organic 
nitrogen is through the phloem, whereas inorganic nitrogen may 
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move upward in the transpiration stream. In our tests signif­
icant amounts of nitrogen moved upward in the xylem, but we 
had no tests to determine whether this nitrogen was in an 
organic or inorganic form. Part of this nitrogen may be moving 
into the xylem directly through broken root tips. The plants 
had been potted approximately one month before, but it is not 
known if all the roots were well healed. In many girdled 
plants there seemed to be a decrease in the amount of in 
the top. 
The most striking effect found on movement of to the 
top of poplars was that obtained with plants held in darkness 
for 10 days prior to treatment and during the translocation 
time. Turchin et al. (108) have reported similar results with 
the uptake of labeled ammonium sulfate by the roots of 
oats. They reported that the absorption of was sharply 
reduced in six hours after the plants were placed in darkness. 
There was a simultaneous drop in the rate of amino acid 
synthesis. 
A decrease was also noted in the absorption of by 
soybeans in the dark (Tables 30 and 31). The light effect in 
this case could not be conclusively shown to be due to either 
transpiration or carbohydrate levels. More work is needed to 
elucidate this problem. 
In steaming experiments using F1"5 labeled ammonium sul­
fate, a consistent decrease was found in amount of If1-* moving 
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to the top In soybean plants with steamed stem segments. 
There was some suggestion that ammonium sulfate may be a better 
source of tracer nitrogen than ammonium nitrate. It appears 
that the unlabeled nitrate ion may be preferentially absorbed 
and utilized. The root system may have a limited capability 
for conversion of absorbed nitrogen to organic form. In these 
experiments we may be expending this capability on the unla­
beled nitrate ion while cutting down on absorption of the 
tracer and permitting it to remain in inorganic form, which 
would allow it to move readily in the transpiration stream 
past a steamed section of stem or a girdle. 
Two factors seem to indicate that the roots are being 
saturated with nitrogen. First, there was no increase in 
absorption at the 400 mg rate over the 200 mg rate (Table 23), 
and secondly, the absorption reached a maximum in 4g hours 
with no further increase at 96 hours (Table 24). Additional 
work is needed to establish the relative rates of uptake and 




Normal translocation patterns of P 2^ in soybean were 
studied by applying P- 2^ labeled phosphate solutions to the 
cotyledons or foliage leaves of plants of various ages, then 
harvesting the plants and determining the distribution of the 
tracer after a period of translocation. No P 2^ was translo­
cated out of young leaves less than one-fourth expanded. As 
the leaves matured there was a sudden shift and P 2^ was ex­
ported in considerable quantities. Of the P 2^ translocated 
out of a treated cotyledon, approximately 60 per cent moved 
toward the root in seven and nine day old plants. The amount 
moving toward the root increased from the 10th through the 
12th day until a constant value of approximately 88 per cent 
was found to move toward the roots from cotyledons in plants 
more than 12 days old. 
The normal translocation pattern was altered by steaming 
or cooling a section of the stem below the treated cotyledon. 
No P 2^ moved downward through a steamed section, or through a 
cooled section when the temperature of the stem was 0.5*0. 
"When the steamed section or cold section was above the treated 
cotyledon, these treatments failed to stop upward movement al­
though movement was reduced by the cold treatment. There was 
no effect on upward movement of P 2^ applied to the roots when 
the stem was steamed or cooled to 0.5*0. These results plus 
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the distribution patterns found with autoradiograms indicate 
that P 2^ applied to cotyledons was moving downward in the 
phloem, but that considerable amounts were moving upward in 
the transpiration stream. The leakage from the phloem to the 
xylem is thought to have occurred primarily in the lower stem 
and roots of uninjured plants. 
The organic products of photosynthesis, labeled with O^, 
did not move through a steamed section of stem located either 
above or below the treated leaf. When was applied to the 
intact cotyledons of soybean, movement to the top was reduced 
70 per cent by steaming the stem above the treated cotyledon. 
When the cuticle was punctured and was applied to the 
damaged cotyledon, steaming above the cotyledon had no effect 
on upward movement. If intact soybean roots were treated with 
steaming was found to reduce movement to the top by as 
much as 50 per cent. 
These results support the hypothesis that inorganic ions 
absorbed by the root or leaked from the phloem to the xylem 
move upward in the transpiration stream. The indications are 
that the movement of organic compounds is normally limited to 
live phloem cells. 
light was found to have a great effect on the movement of 
into the top of soybean and poplar when the roots were 
treated. Additional work is needed on this problem to deter­
mine if the increased movement in light is due to transpiration 
effects or due to the level of carbohydrates in the roots. 
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